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A COMPREHENZIVE ANALYTICAL MODEL CF
ROTOURCRAFT AERODYNAMICS AND DYNAMICS

Part I: Analysis Development

Wayne Johnson

Ames Research Center
and
Aeromechanics Laboratory
AVRADCOM Research and Technology Laboratories

SUMMARY

The development of a comprehensive analytical model of rotorcraft
aerodynamics and dynamics is presented. This analysis is designed to calcu-
late rotor performance, loads, and noise; helicopter vibration and gust
response; flight dynamics and handling qualities; and system aeroelastic
stability. The analysis is a combination of structural, inertial, and aero-
dynamic models that is applicable to a wide range of problems and a wide
class of vehicles. The analysis is intended for use in the design, testing,
and evaluation of rotors and rotorcraft, and to be a basis for further
development of rotary wing theories. The analysis is implemented in a

digital computer program.

1. TINTRODUCTION

For the design, testing, and evaluation of rotors and rotorcraft, a
reliable and efficient analysis of the aircraft aerodynamics and dynamics
is required. It is necessary to predict and explain the rotor performance,
loads, and noise; helicopter vibration and gust response; flight dynamics
and handling qualities; and system aercelastic stability. BSuch capability
is also required as a basis for further development of rotary wing theory.
This report presents the development of a comprehensive analytical model of

rotorcraft aerodynamics and dynamics.



The analysis developed here is a consistent combination of structural,
ineftial, and aerodynamic models, applicable to a wide range of problems and
a wide elass of vehicles. Typicaily rotary wing analyses have been developed
or verifie' for only a particular type of helicopter or a particular techni-
cal problem, that reflects the specific interests of the originating organi-
zation. The present model is applicable to articulated, hingeless, gimballed,
and teetering rotors with an arbitrary number of blades. The rotor degrees
of freedom included are blade flap/lag bending, rigid pitch and elastic
torsion, and optionally gimbal or teeter motion. This analysis is applicable
to gereral two-rotor aircraft, including single main-rotor and tandem heli-
copter configurations and side-by-side or tilting proprotor aircraft con-
figurations (fig. 1). The case of a rotor or helicopter in a wind tunnel is
also covered. The aircraft degrees of freedom included are the six rigid
body motions, elastic airframe motions, and the rotor/engine speed perturba-
“ions. The trim operating conditions considered include level flight, steady
climb or descent, and steady turns. The analysis of the rotor includes non-
linear inertial and aerodynamic models, applicable to large blade pitch
an, €¢s and high inflow ratio. The rotor aerodynamic model is based on two-
dimensional steady airfoil characteristics with corrections faor three-
dimensional and unsteady flow effects, including a dynamic stall model. A
detailed wake model for the rotor nonuniform inflow calculation is developed,
with a lifting surface theory correction for vortex-induced loads. Available
prescribed and free-wake-geometry models are used. The aeroelastic stability

analysis derives linearized equations consistent with the nonlinear rotor

model.

The solution of the equations of motion is separated into two parts,
based on tie different time scales involved in rotorcraft dynamics. The
first part is the solution for the rotor motion and the airframe vibration.
This motion is periodic, with fundamental frequency § for the rotor and NQ
for the airframe (2 1is the rotor rotational speed and N is the number of
blades). The periodic motion is calculated by a harmonic analysis method.
The second part is the solution for the steady state or slowly varying air-
frame motion (consisting of the aircraft rigid body and rotor speed perturba-

tions, and the static elastic deflection of the airframe and drive train).
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The assumption that the aircraft motion 1s quasi-static (compared to the rotor
speed) allows the periodic rotor solution to be used for transient motions of
the helicopter as well as for the trim calculations. Most importantly, by
taking adve :age of the frequency separation of the rotor and aircraft motions,

an economical calculation procedure is realized.

The first computation task is the trim analysis, in which the control
position and aircraft orientation are determined for the specified operating
condition. The periodic blade motion is calculated, and then the rotor per-
formance, lnads, and noise can be evaluated. The rotor model in the trim
solution can use uniform inflow, nonuniform inflow with a rigid wake geometry,
or nonuniform inflow with a free wake geémetry. The aeroelastic stability,
flight dynamics, and transient analyses begin from the trim solution. The
aeroelastic stability analysis sets up a set of linear differential equations
describing the motion of the rotor and aircraft; the eigenvalues of these
equations define the system stability. The flight dynamics analysis calcu-
~«tes the rotor and airframe stability derivatives, and sets up linear differ-~
vati; 1 equations for the aircraft rigid body motions; the poles, zeros, and
eigenvectors of these equations define the aircraft flying qualities. The

transient analysis numerically integrates the rigid body equations of motion

for a prescribed control or gust input.

In this analysis all quantities will be dimensionless, based on the air

density p , the rotor radius R , and the rotor rotational speed .
2. ROTOR MODEL

2.1 Structural Analysis

The rotor structural analysis consists of an engineering beam theory
model for the coupled flap/lag bending and torsion of a rotor blade with large
pitch and twist. A high aspect ratio (of the structural elements) is assumed,
so the beam model is applicable. The objective is to relate the bending
moments at the section, and the torsion moment, to the blade deflection and

elastic torsion at that section. The analysis follows the work of reference 1.
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2.1.1 Geometry.- The basic assumptions are that an elastic axis exists,
and the undeformed elastic axis is a straight line; and that the blade has a
high aspect ratio (of the structural elements) so engineering beam theory
applies. Figure 2 shows the geometry of the undeformed blade. The span
variable r is measured from the center of rotation along the straight
elastic axis. The section coordinates x and z are the principal axes of the
section, with origin at the elastic axis. Then by definition, f(xz)dA = 0.
Really this integral is over the tension carrying elements, i.e., a modulus
weighted integral: [xzE dA = 0. This remark holds for all the section
integrals in the structural analysis. The tension center (modulus weighted
centroid) is on the x axis, at a distance xC aft of the elastic axis:
Jx dA = xCA and fz dA = 0. Again, these are modulus weighted integrals.
If E 4is uniform over the section, then Xc is the area centroid; and if the
section mass distribution is the same as the E distribution, then the ten-

s‘en center coincides with the section center of gravity.

The angle of the major principal axis (the x axis) with respect to
the hub plane is 8. The existence of the elastic axis means that twist about
the elastic axis occurs without bending. In general, the elastic torsion
deflection will be included in 6. The blade pitch bearing is at the radial
station Teat The blade pitch is described by root pitch 8° (rigid pitch
about the feathering axis, including that due to the elastic distortion of
the control system), built-in twist etw, and elastic torsion about the
elastic axis ee. So & =0° + etw + Ge, where - e°(w) is the root pitch,
B(rFA) = 90; Stw(r) is the built-in twist, etw(rFA) = 0; and ee(r,w) is the
elastic torsion, Ge(rFA,w) = 0. There is shear stress in the blade due to ee

only. It is assumed that Ge is small, but 8° and Btw are allowed to be

large angles.

The unit vectors in the rotating hub plane axis system are 1%, j%, and
'ﬁg (fig. 2). The unit vectors for the principal axes of the section (x, r, z)
) -
are T, J, and k; these are for no bending, but include the elastic torsion in

the pitch angle 6. So the principal unit vectors are rotated by 8 from the
hub plane:
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Y = @5wO +kgoxd

2.1.2 Description of the bending.- Now the engineering beam theory

assumption is introduced: plane sections perpendicular to the elastic axis

remain so after the bending of the blade. Figure 3 shows the geometry of the

deformed section. The deformation of the blade is described by (a) deflection
of the elastic axis, Xs Lo and 2.5 (b) rotation of the section due to bend-
ing, by ¢x and ¢z; and (c) twist about the elastic axis by ee, which is

implicit in T and K. The quantities s Tos 25 wx, ¢z, and ee are assumed
to be small.

The unit vectors of the unbent cross section are T, ji T?. The unit

-—
- - —
an where T and
vectors of the deformed cross section are 1,60 Jxs? d kxs’ XS
e

kXS are the principal axes of the section, and j;s is tangent to the

deformed elastic axis. It follows that

-L)'X‘.- = —: —+— *.z‘j

‘gns 3 - #gf ﬁ'*xﬁ
—ixs = 11 - +*:§

It

JEN : -
Now by definition, 3;5 =d ?st, where T = xoif+ (r + r0)3’+-zok and

s 1is the arc length along the deformed elastic axis.

Fws = J + (xe? + 2R

D 4 (xf+zneT + (=] —xe)¥E

Hence to first order

Il
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- It follows the rotation of the section is

1
xq + %ee

— Pz
Py

{

I

or

2 + bk (2t —%xRD'

The undeflected position of the blade element is T =xT+ r'j"\+ zﬁ, and
the deflected position is

—_—
C o= (c4)T 4+ % + 2% + x Tyg —+ %T‘)xs

= f--ab +¥°—e +%o-i' +(Q+%+%—-%+,b$+xf+¥i

The first term in the deflected position is the radial station; the
next three terms are the deflection of the elastic axis; the next term is the
rotation of the section; and the final two terms are the location of the point
on the cross section. For now the elastic extension r will be neglected.
The strain analysis is simplified since then to first order, s = r; r, gives

a uniform strain over the section, which may be reintroduced later.

2.1.3 A4nalysis of strain.- The fundamental metric tensor 8o of the
undistorted blade is defined by:

(3D = A2, 4%
. = g_‘fw .«\ <3c dx

. = %o I, W,



Where ds is the differential length in the material, and x are general

curv111near coordinates, Similarly, the metric tensor Gmn of the deformed
blade is

(45) 2. a7

( g.:‘ﬁ MM\ 3 4)(*)

vn\n Mv“‘ un

i

I

Then the strain tensor ¥ is defined by the differential length increment
'mn

Seam S W, = (ASDHT — ()

2(,,,, = %i. ( <l’vuw - :}anf\)

For engineering beam theory, only the axial components of the strain and

stress are required. For a full exposition of the analysis of strain, the

reader is directed to reference 2.

The metric of the undeformed blade (no bending, and no torsion so

B' = e'tw) is obtained from the undistorted position vector T = xT°+ rj*+ if,
giving

Al

01'
%15y

\ o+ B (xF 4D

E}rr =

CV‘OI
”

The metric of the deformed blade, including bending and torsion, is similarly
obtained from the position vector T = (x + xoff + (r + x¢z - z¢x)j‘+-(z + zo)ii
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2% aF
e T 507 3

= (\+ x#é-—a#i M

<
4+ (! + 8'(2+ 2N

4+ (2 — o' (xaxY

Then the axial component of the strain tensor is

Bee

'ﬁ ((3(¢ -‘}cr\)
= 3 [ Oavda —2d0 =\ + (xl 20’ (2420

1k 2 ' 2 '
—o, 2" + (% -0 (x+x. )" — 9 «* ]

The linear strain (for small X,s 20 ee, ¢x’ and ¢z) is

| I 1 2
K"f g é—fr =5l X#Z -— 2 +,‘ -t 'ew (X‘a-‘-—z%o\

+a:_w (zx',,—xzf, + e:,_ (X®+ 223)

The strain due to the blade tension, € is a constant such that the

T’
tension is given by the integral over the blade section:

- T = SS E. € dA = € <S E JA

Substituting for érr and using the results fzdA = 0, SxdA = xCA, and

f(x2 + zz)dA =1 = kPZA (where kP is the modulus weighted radius of gyra-

P
tion about the elastic axis), gives

-11-
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€+ = EA = Palct B XX - m%ﬁ**c.'*emeﬂkl’ +5%

In this expression, the strain due to the blade extension r, has been

included. It follows that the strain may be written as

!
€er = €1 + (3= (:y;-e_:wéx) -2 (b, +, $5)

y 2
+ ol op (x4 <k )

2.1.4 Section moments.- To find the moments on the section, the second
engineering beam theory assumption is introduced: that all stresses except
o are negligible. The axial stress is given by Oop ™ E¢__. The direction

Ir

of o is
rr

-
ra

SEWARY:
< \ ¢

Q>
I

The moment on the deformed cross section (fig. 4) is M = Mx?zs + MrE;s

‘ -
+ MZkXS. The moment about the elastic axis due to the elemented force orrdA
on the cross section is

efxi = (?X'fxg 4-:Z1EXS?> b3 (“?( é:‘)‘A/\
= [-‘Ef“ -+ X.fxs -+ e.‘\.,, (x2+2¢) jxs ] 0;(- ‘\A

Integrating over the blade section, there follows the result for the total

moments due to bending and elastic torsion:

-12-



Figure 4. Bending and torsion moments on

the blade section.
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(Mx\ep\ = - %%QT"' A

(Mz\‘,‘ = qu—‘.rap\

'
M - = >3 e.', —+ x(*t'*it)emc;r"'b‘

To Mr has been added the torsion moment GJeé, due to shear stresses pro-
duced by elastic torsion. These moments are about the elastic axis. For
bending it is more convenient to work with moments about the tension center

at x.:
c

IV\'g = - Q) ® O‘T"§’\

Mz = x (% =% o A

Substituting for Orr and integrating, the moments are

! /) I —_—
My = EX, 5 (b +0dy) — o, o EL,,

i 1
Mz = EIu (43 “ald’x\ + O4, e'e_ Elxp

2 2 : / 2
<Cy'3' -+ \kpj' +e‘.‘.,,, EIPP) B + €4 k“i‘:l~
o [ETa (8,290 ET o0 (4 +0'45))

<
ﬂ
It
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where

T z22 T Y27 dA

T, = Y=t IA

-, = (F+27) A = ke A
Y.,.2 = §(x =% (F+ 2 IA

T2e = {20+ 2D JA

{ (x*+ 2 — k)T JA

TLep

The integrals are all over the tension carrying elements (i.e., modulus
welghted). The tension T acts at the tension center at xc; hence the bend-
ing moments about the elastic axis may be obtained from those about the tension

T and (MX)EA =M .

center by (Mz)EA = Mz + x <

c

2.1.5 Veetor formulation.- Define the section bending moment vector

-
ME(Z), and the flap/lag deflection % as follows:

- (D

ﬁw‘E - /m\x-ﬂ —F'fv\;;iz

;:? —_ ;50j2 "')‘C:iz

-
(ME(Z) is not quite the moment on the section, because Mx and Mz are really

™ T +
the 1XS and s components of the moment). The derivatives of w are

( %T —xiSl = (2} =% DT — (W) w29 Yi
= $2 4+ bk
]

(R —xR) = ¢! 4 b)) + (-2 SO
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Then the result for the bending and torsion moments can be written as follows:

- (2)

ME = (X zz_-e--e -1+ EIx_,Lﬁ\' (-z;i ‘-_Xef )”
S S.L, e‘b (E:x{ﬁ *—E.I-zpt}

M = (G + \(? "T'-l—e EJ:ND% —*-efuh-r—
+ 8, (ETyR —EXqapdd: (2.0—xR)

This is the result sought, the relation between the structural moments and

deflections of the rotor blade.

Writing the bending stiffness dyadic as EI = EIzzfi‘+ Elx;ﬁi: and for
the purposes of this paragraph neglecting the EIXP and EIZP coupling terms,
gives

'F«Aéﬂ = ET W

/V\r. = ‘tgg é; S - \gk -1_'69

In this form the result appears as a simple extension of the engineering beam
theory result for uncoupled bending and torsion (the e;w = 0 case). The

vector form allows a simultaneous treatment of the coupled inplane and out-of-
plane bending of the blade, with congiderable simplification of the equations

a4s a consequence.

This relation between the moments and deflections is a linearized result.
Thus the vectors 1?and k appearing in EI and in 'Es are based on the trim

pitch angle & = 8% + etw. The net torsion modulus is

-16-
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where T = 92 f: pomdp 1s the centrifugal tension in the blade. For the
elastic torsion stiffness characteristic of rotor blades, the GJ term
usually dominates. The szT term is only important near the root for blades

which are very soft torsionally. The GEWZEI term is only important for

PP
very soft, highly twisted blades.

2.2 Inertia Analysis

This section derives the inertia forces of a helicopter rotor blade.
The blade motion considered includes coupled flap/lag bending (including the
rigid modes if the blade is articulated), rigid pitch and elastic torsion,
gimbal pitch and roll (which are dropped from the model for articulated and
hingeless rotors) or teeter motion (for two-bladed rotors only), and the
rotational speed perturbation. The geometric model of the blade and hub
includes precone, droop, and sweep; pitch bearing radial offset; feathering

axis droop and sweep; and torque offset and gimbal undersling.

2.2.1 Rotor geometry.- Consider an N-bladed rotor, rotating at speed
Q (fig. 5). The m~th blade (m = 1 to N) is at the azimuth location wm =y
+ mAy, where Ay = 275/N and ¢ = Qt is the dimensionless time variable,
Because for steady flight the blade motion is periodic, it is only necessary
to calculate the motion and forces of one oE the blades. For this reference
blade we choose that identified by m = N, The S coordinate system (3%, j‘,
?;) is a nonrotating, inertial reference drame (fig. 5). The S system
coordinates are the rotor shaft axes when there is no hub motion. When the
shaft moves however, due to the motion of the helicopter or the wind tunnel
support, the S system remains fixed in space. The B system (T%, 3;,'ﬁ;) is a
coordinate frame rotating with the m—-th blade. The acceleration, angular
velocity, and angular acceleration of the hub, and the forces and moments
exerted by the rotor on the hub are defined in the nonrotating frame (the S

system). Figure 6(a) shows the definition of the linear and angular motion of

-17-
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the rotor hub, and figure 6(b) shows the definition of the rotor forces and
moments acting on the hub. The rotor blade equations of motion will be

derived in the rotating frame,

Figurc 7 shows the blade hub and root geometry considered. The origin
of the B and S system is the location of the gimbal (or teeter hinge). For
articulated or hingeless rotors, where there is no gimbal, this is simply the
point where the shaft motion and hub forces are evaluated. The hub of the
rotor is a distance Zpa below the gimbal (gimbal undersling, which is not
shown in fiz. 7). The torque offset xFA is positive in the Jf% direction.
The azinuth wm is measured to the feathering axis line (its projection in
the hut plane), so the feathering axis is parallel to the j‘

B
XFA from the center of rotation. The precone angle GFAlv gives the orienta-

axis, and offset

tion of the blade elastic axis inboard of the pitch bearing with respect to
the hub plane; 6FA1’ is positive upward, and is assumed to be a small angle.

the pitch bearing is offset radially from the center of rotation by r The

1id pitch rotation of the blade about the feathering axis occurs at FipA.

~ dvoop angle 5FA2 and sweep angle 5FA3 occur at Tpas just outboard of
the nitch bearing; GFAZ and GFA3 give the orientation of the elastic axis of
the blade outboard of the pitch bearing, with respect to the precone. Both
GFAZ and GFA3 are assumed to be small angles; GFAZ is positive downward, and
5FA3 is positive aft. Feathering axis droop 5FA4 and sweep GFAS define the
orientation of the feathering axis with respect to the precone; 5FA4 is
positive downward, GFAS is positive aft, and both are small angles. If
5FA4 = SFAS = 0, then the feathering axis orientation is just given by the

precone; if 5FA4 = GFAZ and 5FA5 = 5FA3 then the orientation is the same as

the outboard elastic axis.

From the root to the pitch bearing (at r = rFA)’ the undistorted elastic
axis is a straight line at the precone angle to the hub plane. The blade out-
board of the pitch bearing has a straight undistorted elastic axis, with small
droop and sweep angles. The feathering axis also has small droop and sweep
with respect to the precone. The entire blade is flexible in bending. The
portion of the blade outboard of the pitch bearing is flexible in torsion as

well, The rotation of the blade about the pitch bearing takes place about the
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b) top view

Concluded.

Figure 7.
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local_direction of the feathering axis. Incorporation of bending flexibility
of the blade inboard of the pitch bearing allows consideration of an articu-
lated rotor with the feathering axis inboard or outboard of the hinges, or a
cantilever blade with or without flexibility inboard of the pitch bearing.
Figure 8 shows the undeformed geometry of the blade. The description
of the blade for the inertial analysis parallels that for the structural
analysis (see fig. 2 and section 2,1.1). It is assumed that an elastic axis
exists, and that the undeformed elastic axis 1s a straight line; and that the
blade has a high aspect ratio. Here X; is the locus of the section center
of gravity, Xy is the locus of the section aerodynamic center, and XC is
the locus of the section tension center. The distances Xp» XA’ and xC are
positive aft, measured from the elastic axis; in general they are a function

of r. The corresponding 2z displacements are neglected.

The T, 3§ andT? coordinate system is the elastic axis/principal axis
system of the section. The direction of the elastic axis is Tﬁ T and f‘ are
the direction of the local principal axes of the section. The spanwise
variable is r, measured from the center of rotation. This variable is
dimensionless, so r = 1 at the blade tip. The section coordinates X and z
are mass principal axes, with origin at the elastic axis. It is assumed that
the direction of the mass principal axes and the modulus principal axes is the

same. The center of gravity is at z = 0 and x = X The section mass,

Il
center of gravity position, and section polar moment of inertia (about the

elastic axis) are by definition then as follows:

S dm=m
fzdm =0
fxz dm = 0
Jx dm = %, m
f(x2 + 22) dm = I

where the integrals are over the blade cross section.
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The droop and sweep of the blade elastic axis are defined with respect
- to the hub plane axes, so it follows that unless the feathering axis is
parallel to the outboard elastic axis, these angles vary with the pitch of the
blade. Let GFAZ* and 6FA3* be the droop and sweep of the blade when the
- pitch angle at 75% radius is zero. Then the following relation can be obtained

from the root geometry:

e
BFAz = SFAL’ + (éFAz b SFA"\ %5975'

= .
+ (8¢a; — Seag )5 O4g

é;[xs = 8FA‘; - CS;;Z —_ éFAb ¥ O

¥
-+ (36A3 — 5&;} <% O9g

where 675 is the blade pitch at 75% radius.

2.2.2 Rotor motion.- The rotor blade motion is described by the follow-

ing degrees of freedom:

(a) Gimbal pitch and roll motion of the rotor disk (omitted for
articulated and hingeless rotors), or teeter motion of the blade

(for two-bladed rotors only).
(b) Rotor speed perturbation.

(c) Rigid pitch motion about the feathering axis and torsion about the

- elastic axis.

(d) Bending deflection of the elastic axis, including rigid flap and

lag motion of the blade is articulated.

- Figure 9(a) shows the gimbal motion and rotor speed perturbation in the non-

rotating frame. The gimbal degrees of freedom are BGC and BGS’ respectively
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pitch and roll of the rotor disk. The rotor rotational speed perturbation is
is ws. Figure 9(b) shows the gimbal motion in the rotating frame. The

degrees of freedom are BG and GG, given by
RFo

O = — Bac 5= + Bos et

It

(Bec cas W 4+ Ros 'Y,

The blade pitch 6 is defined with respect to the hub plane, so only the

blade inboard of the pitch bearing sees the pitch rotation due to GG. For

two-bladed rotors, the teetering degree of freedom BT may be included. The
teetering motion is defined in the rotating frame, hence B _ = BT (—1)m and

G

BG = 0 for this case.

Figure 3 showed the geometry of -the deformed blade. The blade deforma-
tion is described by twist 6 about the elastic axis, bending deflection X
and z, of the elastic axis; and rotations of the section by ¢x and ¢z due

to the bending (see section 2.1.2).

The blade pitch angle 6 is measured from the hub plane to the section
major principal axis (the x axis). The undeformed pitch angle consists of

the collective pitch 6 plus the built-in twist etw. We define ©

coll

as the pitch at Tpa» SO etw(rFA) = 0. The rotation by ecoll is not

present inboard of the pitch bearing, but there can be pitch if the local

coll

principal axes with respect to the hub plane, which is included in etw for

L < Xp,. The pitch of the deformed blade is composed of the root pitch e°(w)
(the blade angle at the pitch bearing, r = Tpas due to control commands,

control system flexibility, and kinematic coupling); the built-in twist Stw(r);
and torsion about the elastic axis Be(r,w)(where Oe(rFA,w) = 0, and only

Be produces shear stress in the blade). Thus the blade pitch is

S = O + O, + O
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The commanded root pitch angle is defined as 6°€ = Bcoll + 6 . Here

con 6coll
is the trim value of the collective pitch, which may be large but is steady in

time; and econ is the perturbation control input (including the cyclic con-
trol requi::d to trim the rotor), which is time dependent but is assumed to be
a small angle. The blade root pitch commanded by the control system is ec,
while 6° is the actual root pitch. The difference (6° - 6S) 1s the rigid
pitch motion due to control system flexibility or kinematic coupling in the

control system. Hence, the blade pitch may be written as

D= (Ban + ) + (% —a") 4 o 40,

The pitch angle may now be separated into trim and perturbation terms,
6 = em + 5, where the trim term is

Owm = O + S

and the perturbation is

Vo)

e = <e°__e=-3+ Ocom + O

The trim pitch em is a large, steady angle; the perturbation pitch 6
is small angle since all the components are small. The pitch at the blade
root (r = rFA) is then

(M) = & = o, + ("= 4 Do

I

o ~o D
&wm + O
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For the rigid pitch motion the notation P, is used:

o= B = (B°—e") + B

(This notation is consistent with that for the modal expansion of the elastic

torsion Be, as described below.) Note that P, is the total rigid pitch

motion of the blade, including the control angle aéon'

2.2.3 Coordinate frames.- The rotating hub plane coordinate frame is

obtained from the nonrotating hub plane frame by rotating about the z - axis:

-

L Sl’
I

coeN,, Ty T+ Swiv, _Sg

-
ks

o
»
I

The blade coordinate frame is obtained by rotating by the angle

BG + GFAl - GFAZ about the x-axis, by the angle ws - 6FA3 about the z-axis,

and by the angle 6 about the y-axis:

T = ces®Ta — S»vue.f-g
+5‘>3 L (G +&A‘—S$A235w9 -3 [’i"s —-SfA:DcmB]
3 =

W= 5 DT 4 (Bet bn — S Re
T = -

°Ta + wei;
+-31- L— (€>¢,+L¢A, -ScAchS 4+ ('i’s—sﬂ 339«.6]

The cross section principal axes for the deformed blade are then



I

g T+ $y
T —de? +hE = 3 4+ (xR
Xys = X - “"t;)\-

2
1

The vector 315 is tangent to the deformed elastic axis.

2.2.4 Blade acccleration.- The distance from the rotor hub to the
center of gravity of the blade section is:

oL |

<« —

_‘?s [ — XA — (r-ﬂu\ SFA; - ""\’5 — &R 96]
+'i‘ f_-— Tea — (=) SFA«,_ —+ "((36 +&A5 ]
+Fg Lo+ 2 Be — *ea e 7]
+ (xR + 2.%)D) -+ w7
- S S;A Se (2 —nR) (V-g\é";
+%° L (%,'t-*;i) — (igf-—¥o-e3\r¢h
— (iwﬁe‘—ﬁ&b12.)"rhA ((’-—-fh;\)
= (e~ SV Te + Gkay -s;.@"fg)(r-m\]

T L —%ea — (c=cea) $1:A3 — N¢ — 296 )
+i [ - 2, ~ (= A, A C(Bo+ D]
—+ j—ﬁ LS + 2o — el 1
+ (xo® + 28D 4

o
——

bo Y
- 5?523 \7k\g Pw
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where

r

?k = gvf“lﬁ ~ S }'k(%i-x:ﬁ" (r—g)é,\

CeA

for elastic torsion (k > 1) and

_)?_ = — (2T — x¥ — %D
]
+ (22 -xX®) !q:A + (2R —%E) \fm (C~Cead

A (Ceny —5a0DTe + O —Seae) B (=)

for rigid pitch. Then the velocity of the blade section, relative to the

rotating frame is

Se=(27), = —T(ch b v o
+j& (2Zen Be — "Gnq’sD

-+ ('XQ-E - =l$1i~5

o
— §° %y v

Neglecting the squares of velocities, the acceleration relative to the rotat-

ing frame is
e - ae
-+ E;g ( ea g&: . \chf;g‘\)
+ (xR —=zR Y

0o D,

-— tgi' )(y."ﬁ

k=o
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For the blade Coriolis acceleration the radial velocity component ‘3*- ?a_ is

required, including the effect of the change in the radial position of the

section due to bending:
A =% 1 &[(xf-&-%ﬁ. +32?Y = (4 Se )

+(§6+Sﬂ,-s¢az\.€e 12 J—S

then

/e
TR ICIE LI S B S SN
— R %EY L (Chep= S, Yo ~ S T )

~ Be [= 20 + fon, = (=6 Senn
+ o - (2.2 —x;ﬁ-—x,ﬁtﬁ]

—"“Ys [‘*«:A "'(“—“FA\&?A;
+Tg - (22 =¥ — %2R )

The acceleration of the blade is required with respect to an inertial
frame, specifically the S system. The B coordinate frame rotates at a con-
stant angular velocity ?% = QE; with respect to the S frame. The shaft
motion is composed of linear and angular displacement of the origin of the
S frame. The acceleration, angular velocity, and angular acceleration of the

S system have the following components in the nonrotating, inertial frame:
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;‘xfs —+ ‘3\-55 + -ig\ts

Do = ST ~+ szﬁjs -*-5’%125

SNV SO S 2

- = -
It is assumed that ao,tab, and(JB are all small quantities.

The acceleration (5;) and velocity (#;) of the blade relative to the
B frame have been derived above. Now the acceleration of a blade point in
inertial space will be derived, in terms of the motion of the shaft, the rota-
tion of the rotor, and the blade motion in the B frame. From the result for
the acceleration in the rotating coordinate frame (the S frame, rotating at
rate Zi), there follows:

S o - : . -> o I TP -—>

- -~
where a_ o and v are the acceleration and velocity relative to the

’ r,Ss S
‘S frame. The B system rotates at angular velocity & = QE; with respect to
the S frame. Hence with § constant and no angular or linear acceleration of

the B frame with respect to the S frame, there follows:

Y > - N - — >
S = S -+ 2 ST xC¢ +§cx(3‘c,xr3
- - = D

vrs = Ve + SC«xrE

- —
where a, and v, are the acceleration and velocity relative to the B frame.

Thus:
’:: Qo 4+ ¢ +237_v.v¢.+52.x(.52.~5¢)
2 o oD D D
+2£§°x'¢? -5-21-30)&(52.)\?)-}-040*(9.;(')4-@“)((‘
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To first order in the velocity and angular velocity, this becomes finally:

-—
(=Y

He

- - -

Qe + 2Tox(Fexwd) O ¥ ©

— — =
-+ ac Zs_%xer —+ SZx(SL%i'}

- S - = . S
+ ac + 2 St (38"‘0 —[_ﬁ)a,g\'\'?‘. _S?_z(_l.'cqﬁ-),esc\r

e \
se ix terms in a are respectively the acceleration of the origin, the

C>riolis acceleration due to the angular velocity of the origin, the angular

acceleration of the origin, the relative acceleration in the rotating frame,

the relative Coriolis acceleration, and the centrifugal acceleration.

For the blade bending and torsion equations, the following components of
the acceleration will be required:

3R = -5 — z5e(eH, 4 Ty (22 x DY)

'F'gﬂl coeP cxk Sy o EL_SZ_c-‘;/e
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+ T = e (Hg Sep —Haena®)
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For the hub moment the angular acceleration is required:
s L ) e
73%-2 = f'z"Pg eg -+ rz'$c,°8 -+ r(%;ﬂ—-x;\z)
e o (1)
-+ V'ZrFA ‘9(5 126 — f;;b (?g,:il‘:3 f"xl
4_52?‘;t; [:'2;%-+-VSQ*‘ —-(TW—TG;3%$A1 4-(136
o -
4V - (XR+TR4¥,T ) — & -tr\)w. Pr.]

w=<
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and for the hub force we can use

B = — Wt +cRaTe + (xX 42X
— 23 (¥ 4T (2R —xR)
—52® [ 2 G- (e 42% %, TD + Ja
+To (—yea = (c—SRO) Ay — NN ]

+Ta (Yo sy — Uy ea?) + T 2
+§c (Xgomaw \@,Sw\PB
+ 2 (Rp (ycas® o Ay 3eutd) 3 3)
+ 0 (& ot — S eae ) —T &)
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The approximation T = rj% has been used in all cases to evaluate the hub

motion terms.

2.2.5 Aerodynamic forces.- The aerodynamic forces acting on the blade
section at the elastic axis are FZ, Fx’ and'Fr (see fig. 11 in section 2.4).
These are the components of the aerodynamic 1ift and drag forces in the hub
plane axis system (the B frame). Fx is in the hub plane, positive in the drag
direction; FZ is normal to the hub plane, positive upward; and Fr is the
radial force, positive outward. There are also radial components of Fx and
FZ due to the tilt of the section by blade bending; here Fr 1s just the
radial drag force. Thus the aerodynamic force acting on the section at the
deformed elastic axis is:

-

Fo. = &0 +F%1:.’g -'ﬁg'}}xs'(gxﬁ +F;_€33+Fc_8«;s
~ - -+ 2:; :;&

K

e
'Y

.+

oL
(L)
s

where

= F - Fe Ra + {ga,— Seay + P (*"f""z“i)’ >
By (=M - Gay T 2R Y D

The section aerodynamic moment about the elastic axis is Ma, positive nose

-
upward (so M =M 3‘ ). These section aerodynamic loads are integrated
aero avxs

over the blade span to obtain the total forces and moments.
2.2.6 Force and moment equilibrium.- The equations of motion for
elastic bending, torsion, and rigid pitch of the blade are obtained from

equilibrium of inertial, aerodynamic, and elastic moments on the portion of
the blade outboard of r:

- - -~
- ﬁAE: -+— ANA - AA-:;
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Where ME is the structural moment on the inboard face of the deformed cross
section (so -ME is the external force on the outboard face); MA is the
total aerodynamic moment on the blade surface outboard of r; and M_ is the

1
total inert’'al moment of the blade outboard of r. The structural moment M

is obtained from the engineering beam theory for bending and torsion (sectioi
2.1.5), from the control system flexibility for rigid pitch, or from the hub
spring for gimbal or teeter motion. Alternatively, ME may be viewed as the
force or moment on the hub due to the rotor (so -ME is the force on the
rotor). MI is the inertial moment of the blade outboard of r, about the

point T, (r), obtained by integrating the acceleration times the blade density
(dm dp) over the volume of the blade:

gc Vv, TR =T (N KR A U

For bending of the blade, engineering beam theory gives

= (2)

- D
ME = M+ MR = (T8 +'i€,g\ M¢

Therefore the operator ('f" +1:l?k ) is applied to -}Z\I and-ﬁ‘ also. For
bending, moments about the tension center (x = x ) are required Then the
desired partial differential equation for bending is obtained from 324(2)/3
The ordinary differential equation for the k~th bending mode of one blade is
obtained by operating with f nk (...)dr, where 'ﬁ; is the flap/lag bending
mode shape (see section 2.2.15). For elastic torsion, engineering beam theory
gives Mr = dxs -M;: So this same operator is applied to —Mt-[ and Td‘A. For
torsion, mowwc.. L: about the section elastic axis (x =0) at r are required;
also, elastic torsion involves only the blade outboard of erA. The desired
partial differential equation for torsion is then obtained from BM /3r. The
ordinary differential equation for the k-th torsion mode is obtained by
operating with f' 5 (...)dr, where E is the elastic torsion mode shape
(see section 2.2. 15) The equation of motion for the rigid pitch degree of

freedom P, is obtained from equilibrium of moments about the feathering axis,

S

-t -— .
MFA = era M(rFA). There M 1is the moment about the feathering axis (x = 0)
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A

at r = Tpas and €ra is the direction of the feathering axis, including

perturbations due to blade bending:

/
Ca = ‘;ﬂ + (xg + 232D )‘.FA *qufﬁ +S¢A5"l)4

The elastic restraint from the control system flexibility gives the restoring
moment about the feathering axis, completing the desired equation of motion.
The total rotor force and moment on the hub (at the gimbal point) are
- -
obtained from a sum over the N blades of F(m) and M(T) the force and

moment due to the mth blade:

- <E? = (v
Q: v =\
- g — (v
fV\ - v =
=2(m) = (m)
Since ~F and -M are the forces on the blade, from force and moment

equilibrium of the entire blade it follows that

'_>(YM\ -

Y = & Fa

M

-
-_— PJ\A - fv\3:
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The hub force and moment are required in the nonrotating hub plane frame (the

S system), with components defined as follows:

—6 = \‘\fs —- L\)‘;S +T‘2§

B o= M o+ M, 3 — QK

(see fig. 6).

The equations of motion for the gimbal degrees of freedom B and B as
are obtalned from equilibrlum of moments about the gimbal, M = I’ . M and

y = J . M where M is the total moment (from all N blades) about the
imbal point, in the nonrotating frame. The equation of motion for the teeter
7evree of freedom BT is obtained from equilibrium of the moments about the
*ee* r hinge from both blades, in the rotating frame. The equation of motion
for the rotor speed perturbation ws _}s obtained from equilibrium of the
shaft torque moments, Q = —Mz ='f; * M. The drive train couples the torque
perturbations of both the rotors, hence this degree of freedom is best con-

sidered with the other motions of the helicopter body.

2.2.7 Bending equation.- The equation of motion for blade bending is

obtained from

%'h 5??“'*3'—11 iMf <o = 3‘7* =

el .
where M is the moment about the tension center (x = xC) at r, and

R®= @ +ELIR = (22 - b +2 VR
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. Considering first the blade outboard of rFA’ the inertia moment is
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The last term in this result will be neglected since it is order (c/R)

smaller than the first term. Including the case r < rFA’ which only intro-

duces an effect of the droop and sweep, the result is

zt - (2)

2 M = ’ng'«\ -+ [(xc_sxxvi's~é‘“jv

ac*
+ [ @R xR i ‘g 3 '“4-3 1
f-"ﬂ\ Qsﬂz B + %G-A:‘i%\ g 5 it Vg

where & (r) is the delta function (an impulse at r = 0). Operating with
=Y
A

; N (...)dr and integrating the second and third terms by parts gives:
So-‘?l' ?‘:‘.‘ e = S‘o %)‘-(jx-g)w.)_f
_.’_S‘afly_. (Xc—\:r.\.ﬁ "g"a M-_S'A.r'
+ gl %,_ [(-E.‘l’-xo -—X,ﬁ\ S "S “"“JS]‘L"
— S50 (ealar feu ) 6 e
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Finally, the torsion terms are introduced; the inertia and centrifugal forces

dircctly due to the blade bending motion arc extracted; and the fourth term
above 1s agaln Integrated by parts.
v TI(D)
S V—‘lk' a-——’\‘\1" dc
- a(‘l.

Thus the inertia force 1is:
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The structural moment (from section 2.1.5) is
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The aerodynamic moment about the tension center (x = xC) at r, due to the

blade loading at the elastic axis at station p is

\ N - ~
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ch (=T —FRD YW
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2.2.8 FElastic torsion equation.- The equation of motion for elastic

torsion is obtained from

by Mo N M V.M
-Soi“;’ Jdc _Soi‘ _;‘_:‘eéx:.. goiv- &\:Aéx‘

d
where M 1is the moment about the elastic axis at r, and
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The inertial moment is
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Operating with I. E. (...)dr and changing the order of the p and r

integrations in the second term gives
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where

Yo = 3ok - %:n @Y (£ &g

Finally, introducing the torsion terms by expanding the unit vectors, the
inertia force is:
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Where Ie = f (x2 + zz)dm is the section pitch moment of inertia, about the
elastic axis. In the centrifugal acceleration we have neglected a number of

terms due to the blade torsion motion which are the same order as the pro-

peller moment, but which are normally much smaller than the structural moment .



With the centrifugal tension T = 92 fi pmdp, the structural moment

(from section 2.1.5) is:
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Finally, the aerodynamic moment about the elastic axis at r is
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Hence aMr |
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2.2.9 Rigid pitch equation.- The equation of motion for rigid pitch 1is

obtained from MFAI + MFAE = MFAAs where

.Fﬁ = Eﬁj%k'+<&{f-ki$??;xaA"éfkqwzs *'SElétB—B‘}ct

~
Megp = €0

AN .
i1 M is the moment about the feathering axis at r = Tpae The inertia

moment is
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Introducing the torsion terms by expanding the unit vectors, the inertia force is
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The aerodynamic moment about the feathering axis at Toa is
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The aerodynamic and inertial moments about the feathering axis are
reacted by moments due to the deformation of the control system. The restor-
ing moment acting on the blade, about the feathering axis, is -Mcon' It is
given by th~ product of the elastic deformation in the control system, and the

control system stiffness Ke:

/V\‘°~‘ = kLa. <‘P°>'— ef\)

where the rigid pitch P consists of the kinematic coupling and the blade
commanded pitch angle:

— Z ke =¥ Be -L(a,smw,,-e,cs‘.‘wwbws

The first two terms are the lateral and longitudinal eyclic pitch control
inputs; the next terms are feedback from the governor, and kinematic coupling
due to the rotor mast bending. The term -Kpiqi is the kinematic pitch/
bending coupling due to the control system and blade root geometry, where 9y
is the i~th bending degree of freedom (introduced below). Similarly, KPG is
the pitch/flap coupling for the gimbal or teeter motion. For the rigid flap
motion of the blade, this coupling is usually expressed in terms of a delta-
three (63) angle, such that KP = tan 63. Finally, the ws term is the
pitch change due to the rotor azimuth perturbation with a fixed swashplate.

For rigid control system (Ke very large) the rigid pitch equation of motion

duces to = .
redu t p0 pr

Including control system damping in the restoring moment gives

Mam = ke ( po -(’r3 + e i’a»érw
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. where C6 is the viscous damping coefficient. For consistency with the

elastic torsion equations, the control system stiffness can be written in
[

terms of the nonrotating natural frequency of the blade rigid pitch motion, w
2 \
bamnd o
° A
and the damping coefficient in terms of a structural damping coefficient 8g*
\

Then the structural pitch moment is

Mea, = (S}FAIG'L"'BCL‘:(f""f‘)""'%s““(‘;"‘é‘\ )

2.2.10 Root force.-The net force of the mth blade acting on the hub is

= FA - FI' The inertial force is
2 )
-
F == <) =Y \~\!&4"
X S
and the aerodynamic force is

T = C_CRT + 6T + & qadAr

The components of the total hub force in the nonrotating frame are

N
¢ = b2 $‘\ = H’fs +Y3’5 +—rt\5

2.2.11 Root moment.- The net moment of the m—th blade acting on the
rotor hub is

- - —
AA(y“) - IV\A - ’V\:;
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The inertial moment is

—_— \ o»
r

/”\:L_ = <;° X vl

and the aerodynamic moment is

T\iA = g:, (F%’i@_——(:,'ﬁfgwré—r

The components of the total hub moment in the nonrotating frame are

SN =D (~)

.N .
M = W\E;» M = M, 4—Ma-$$_QYS

Note that the “T* (torsion) component of the root moment in the rotatin
35 8

—_—
frame is neglected compared to the 'f; (flap) and kB (lag) components.

The flapwise root moment in the rotating frame gives the pitch and roll
moments on the gimbal:

® =3 () g =3 (W
IV\5 = . ‘1§S»° M = - & C““.+;h.7i§ M (=

wm= was )

N . YR N . —_—
M= & 20 M7 2 £ slwl TS
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The inertial moment is

By = § T (Faddea
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and the aerodynamic moment is

Te Ba = S, Facis

2.2.12 Gimbal equation.- The equations of motion for the gimbal degrees
of freedom are obtained from the pitch and roll components of the total rotor
hub force. Allowing for a gimbal spring and damper in the nonrotating frame

reacting the rotor moments, the equations of motion are
h«.) -4- C:CB (361; '+— kLCi c;G“L J==—<:>

— My + C@@ss + Ko Res = O

The gimbal hub spring and damper constants can be written
) 2 <t91‘ | t>
'<Gi = = X ¢ >
e
L) Sz
== =
<c > Iy <&

R
Where Io = forznldr and Ib is a characteristic inertia of the blade, and
Vo is the rotating natural frequency of the gimbal flap motion. To allow

for different longitudinal and lateral hub spring rates, vGC and vGS can be

used for the B and BGS equations.

GC

2.2.13 Teeter equation.- The equation of motion for the teeter degree
of freedom of a two-bladed rotor is obtained from equilibrium of flap moments
about the teeter hinge. Allowing for a teeter spring and damper in the

rotating frame, the equation of motion is

_53_



—2May + Cafr +K Ry =

CT and KT are the damper and spring constants about the teeter hinge. 1In

terms of the natural frequency and damping coefficient, we may write
*
T
K‘T = 2 =9 RZ(QT -‘3

where I = erzmdr.
o )

The teetering moment MT is the root flapwise moment from the two
tlades:

X A wA
2M, = £ SN R

)
where again _bn‘~/‘\_'\-‘: —_ Sb .eﬁ . (T'?v,g ry )wé_r
— - A\

2.2.14 Modal equations.- Consider the equilibrium of the elastic,
inertial, and centrifugal bending moments. From the results of section 2.2.7

these terms give the following homogeneous equation for bending of the blade:

[(ETate+ET,,RR) (a2 —%B ) 2"
—st [ S Ay (2 3 Y e le D)

A (2 =R =D
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This equation may be solved by the method of separation of variables. Writing

| Wt
(:is;f —xX)D) = ‘Ti (e
it becomes

Ex "Y' — ST {8y TR NI BRE BE

This is the modal equation for coupled flap/lag bending of the rotating blade.
It is an ordinary differential equation for the mode shape '#(r); this mode

may be interpreted as the free vibration of the rotating beam at natural

frequency .

This modal equation, with the appropriate boundary conditions for a
cantilever or hinged blade, is a proper Sturm-Liouville eigenvalue problem.
It follows that there exists a series of eigensolutions 'ﬁL(r) of this equa-
tion, with corresponding eigenvalues v 2. The eigensolutions or modes are

k
orthogonal with weighting function m; so if i # k,

\
S‘) ;F . :Ti, wde =0

These modes form a complete series, so it is possible to expand the rotor
blade bending as a series in the modes:

‘ bo

-

2T —% R = & ﬂr-.Cﬂ‘?;C"\

L=\
The bending modes are normalized to unit amplitude (dimensionless) at the tip:
-
n| = 1.

Consider the homogeneous equation for the elastic torsion motion of the
nonrotating blade, 1.e., the balance of structural and inertial torsion

moments. The results of section 2.2.8 give

—(ET ) + Ty, = O
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The equation for the torsion motion of a rotating blade, including centrifugal
forces and some additional structural torsion moments could be used instead.
For the torsional stiffness typical of rotor blades these terms have little
effect howe 'er, and the nonrotating torsion modes are an accurate representa-
tion of the blade motion. Solving this equation by separation of variables,

. iwt
we write Be = E(r)e , SO

(&> g')' —+ =su? i -~

This equation is a proper Sturm-Liouville eigenvalue problem, from which
it follows that there exists a series of eigensolutions gk(r), and corres-
ponding eigenvalues cui(k = 1...»). The modes are orthogonal with welghting
function Ie, so if 1 # k

\

The modes form a complete set, so the elastic torsion of the blade may be

expanded as a series in the modes:

L]
S = Z, PO

These modes are the free vibration shape of the nonrotating blade in torsion,

at natural frequency O The torsion modes are normalized to unity at the
tip, Ek(l) = 1.

2.2.15 Modal expansion.- The bending and torsion motion of the blade is
expanded as series in the normal modes. By this means the partial differ-
ential equations for the motion (in r and t) are converted to ordinary

differential equations (in time only) for the degrees of freedom.

For the bending we write:

_ o S
oL =~ Ao b : \ .(3
R g 3@
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where 7n are the rotating, coupled flap/lag bending modes defined above.
These modes are orthogonal and satisfy the modal equation given above. The

variables q; are the degrees of freedom for the bending motion of the blade.

For the blade elastic torsion we write

)
EBQ’ = g;.‘ ‘);(155‘§3 (T:)

where Ei are the nonrotating elastic torsion modes. These modes are
orthogonal, and satisfy the modal equation given above. The variables

(i > 1) are the degrees of freedom for the elastic torsion motion of the
blade. The degree of freedom for rigid p1tch motion 1is p (6 -8 )
+ econ' For rigid rotation about the feathering axis, the mode shape is
simply Eo = 1, Thus the total blade pitch perturbation 1s expanded as the

series:

~J
69 _—

n™Mg

P R ()

o

The total blade pitch 6(mean and perturbation) is then'

© = ©n+8 = (Bun+Ond 4+ £ MF O

=0

The partial differential equation for bending of the blade is obtained
from Bziﬁz)/arz. The ordinary differential equation for the k-th bending
mode (the 9 equation) is then obtained by operating with f' Ny (...)dr
(which has already been done in section 2.2.7). The modal equation is used
to introduce the bending mode natural frequency into the equation, replacing
the structural and centrifugal stiffness terms, and the orthogonality of the

bending modes decouples the inertial and spring terms as follows:
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where

)
131 = ga V‘E v

The partial differential equation for torsion of the blade is obtained
from aMr/dr. The ordinary differential equation for the k-th torsion mode
(the Py equation) is then obtained by operating with I%FAEk(...)dr (which
has already been done in section 2.2.8). The modal equation is used to
replace the structural stiffness term with the torsion mode natural frequency,

and the orthogonality of the modes decouples the inertial and spring terms as
follows:
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1?* = S(FAiy' Ib U

2.2.16 Lag damper.- Articulated rotors usually have a lag damper, which

has an important influence on the blade loads. Therefore a lag damping term

is added to the blade bending equation of motion as follows:
XY > T \
T (e + $TF + e
%o -)'( n ‘.)., \ .- [ SN
MRS 3
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where glag = Cc/;bQ and CC is the lag damping coefficient (Ib is a char-
acteristic inertia of the blade, used to normalize the inertial constants as
described in the next section). The quantity 'E; . ﬁl'(e) is the slope of

the k-th bending mode in the lagwise direction, just outboard of the lag hinge.
The manner in which the lag damping enters the equation of motion is obtained
by a Galerkin or Rayleigh~Ritz analysis. The lag damper results in a bending
moment at the lag hinge. Thus it is necessary to evaluate moments at the

blade root by integrating along the span, which has in fact been our practice.

Note that structural damping has also been included in the bending
equation, modelled as equivalent viscous damping. The structural damping
coefficient 8¢ (equal to twice the equivalent damping ratio) in general is
different for each degree of freedom. Structural damping is included in the

torsion equations in a similar manner.

Consider also a nonlinear lag damper, for which the lag moment opposing

the motion is proportional to CZ at low lag velocity (hydraulic damping)
and constant at MLD for lag velocity above &LD (friction damping):

M C . . . 2
Moy = e G 8 wim (1 (878,07

where

' =
g‘a

=)

f&' vr-.(c,\ 5};,

Hence the term

T, 'fs-ﬁ’g(b\ (Bu.)r: ""Mnu)B

is added to the right-hand side of the bending equation. Here linear damping
is included on the left-hand side still, but only to improve the convergence

of the solution; so the Cci term must be subtracted from Mlag
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2.2.17 Gravitational forces.- The acceleration due to gravity is
anfl
§‘= gﬁ% = gRSFkE, where g 1is the gravitational constant,'§% is the vertical

vector, and RSF is the coordinate transformation matrix between the rotor
shaft axes (S frame) and the aircraft body axes (F frame, see section 4.1.2).

In terms of the aircraft trim pitch and roll angles, the vertical vector is
E S WV FTS‘“ € A’f -+ cAa F1w¢FT

(see section 4.1). The gravitational forces acting on the rotor blades may
be accounted for by substituting ?i;ﬁ; for E;, the hub linear acceleration.
Thus the components of ?? in the S frame are subtracted from the components

of the hub acceleration in the nonrotating shaft axes:
—-—

As — .\lg,-es -t C»\—Ss - i“\i

2.2.18 Equations of motion.- The rotor blade equations of motion are
now obtained by substituting for the expansion of the bending and torsion
motion as series in the modes of free vibration. Names are given to all the
inertial constants. Also, the equations of motion, hub forces and moments,
and inertia constants are normalized at this point in the analysis, using the
characteristic blade inertia Ib’ and the blade Lock number vy = pacR"/Ib is
introduced. (A good choice for this characteristic inertia is Ib = fg rzmdr.)
The inertia constants are divided by Ib’ with this normalization denoted by
a superscript "*". The blade equations of motion are divided by I,. The
hub forces and moments are divided by NIb, so they appear in rotor coeffici-
ent form. The equations of motion for blade coupled flap/lag bending and for

blade rigid pitch/elastic torsion are thus:
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The inertia constants are defined in section 2.2.19.

In rotor coefficient form, the rotor hub force and moment are
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So the blade root force and moment are resolved in the nonrotating frame, and
ther: filtered by the hub operator N 21 . The harmonics of the forces in
o=

the nonrotating frame can be related directly to the harmonics of the rotating

forces; the solution of the support equations of motion requires however the
hub forces and moment in the time domain.

The components of the blade root force and moment in the rotating frame
are as follows:

25;% = (B-C;_%B _M-:(Qkiw\Pw—:B,Cbo“\’w\

» “
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The inertia constants are defined in section 2.2.19.

Note that the total hub forces due to the rotor linear acceleration are
simply

= R ht
Al e == ~ v{::\ My g
T .-
-—_
e N

*
where Mb is the normalized mass of a blade. Since the rotor mass is included

in the alrcraft mass, these hub linear acceleration terms should be omitted

when Cfx’ Cfr’ and C

These terms should be retained however when evaluating the actual blade root
forces.

g, 2re evaluated for the aircraft equations of motion.

Similarly, since the rotor weight is included in the airecraft weight,

the corresponding gravitational force terms are omitted.

Dividing by (1/2)NIb, the gimbal equations of motion are

2G, ~ . |
¥ D e fae ~+ (g —Dec =0

2¢c ~ -
— 3 2 + % s+ (e —DRes =0
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where

R 3 S
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Ly N o=y " e
A e S x

N 'ijt?x = ~ E§;=.\ 25V ¥ o

Dividing by NIb, the teetering equation of motion is

—}SS_:"' -4—C‘j($-,.+::(0 3@-;

=0
where
2
¥ Trmx - AN C__\fgwﬂ SE::}
- O 2 wa s\ o

The equation of motion for the rotor speed perturbation @

is obtained
tfrom equilibrium of the rotor torque.

The speed perturbations of the two
rotors are coupled by the helicopter transmission, so the equation of motion
for is is best derived with the body equations.

Finally, the aerodynamic forces required for the blade equations of

motion and the rotor hub reactions are as follows:

P O (B - B e

|

Seme = ¢ 3B -G (R R
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2,2.19 TInertial constants.-

defined as follows:
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The normalized inertial constants required
for the blade equations of motions and the hub reactions given above are
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We have used the relation

-

\*'k = :ixf%:;ii -_ g:;FA :i‘ <;5§e -7&;%2\>“ (CL"S;)QUS
= 3R = 2y S BT -y

= 2;“:32 o %13 B"ﬁé -SrFA§¥(;Té+ ?‘;(r_@»ﬂ

for elastic torsion (k > 1), and
—

yo = — (2sT —-ui~¥.~j~>
-+ ((Suz - &;Au\_b)e -+ (56A3 - &?A\;\ﬁs (F‘FFA\
+ (28 =xXR) \q:A + (22— x;?}' \'_‘A (=)

- \:_-\% <+ <(SFAZ~LFM;3QLB +<&€A3—SFA‘;X?3) (r-q:,s
— % 3 [ 7(‘5 - ‘\))"(fm\ — %,(‘EQ(V-"FQ}

for rigid pitch (k = 0); or for k > 0

T?\k = it“:r:t + 36D (S 2~3\=Ab_ce+ (&Ai’k'.g\ﬂ(‘"rﬂx\
TE NG,
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Also then,

-
A Ay, = 21(7&3 (¢ SFAL -S%a .b-tﬁ + (JFA 3 ‘sz D‘?QB (("‘CFA\
~

for the aerodynamic coefficients.

The blade inertial and structural properties (m, xI, xC, EI, Ie, GJ, etc.)
will be defined at a series of radial stations, ri, with linear variation

between.

The blade bending and torsion mode shapes will be evaluated at M + 1
equidistant radial stations: r = 0, Ar, ...MAr where Ar = 1/M. The
inertial coefficients are then calculated by numerical integration (using the

trapezoidal rule) over these radial stations.

A concentrated mass at the blade tip (r = 1) will be allowed, with a
corresponding center of gravity offset. This tip mass contributes an" equiva-

lent distributed mass, as follows:

™MD = ()N 4+ MT"? ac R

= 1 2
Yz, (O = ™ig (1D (¥2(Dwe> + xL‘“—tM‘H ar & D

N

:I;Bt'({) :r:e,(‘$> <+ ’%:;*;' /V\ka Eéji

ac



where Ar 1is the segment length for numeral integration. Alternatively,
the tip mass can be included in the distributed mass directly (to avoid

difficulties with the (xC - XI)m terms evaluated at r = 1).

The total mass of the blade can be specified, S0

T
* R
,V\k, = ;EE;D ”“\ﬂn-k&—

Alternatively, a point mass can be added at r = 0 to account for the weight

of the hub.

2.2.20 Aerodynamic spring and damping.- To improve the convergence of
the solution for the blade motion, spring and damping forces should be included
on the left-hand-side of the equations of motion. The required perturbation

aerodynamic forces are:

M e ' .. Y. . R
AZETT = T M T My be v ZMt

o Mpear E Mpdi Yo+ Mpg Ge

aC.

+ T Mg B+ EMg, B

Sx — ° X - .
NG = Mg+ MiRe + EMp il

L

N = N + Gp A~

These terms will be added to both sides of the equations of motion, so they
need not be exact values of the damping and spring forces, but only close
enough to achieve good convergence (see section 5.1). The damping terms are
needed to avoid unrealistic resonant amplification of the harmonics near the

natural frequency, and the spring terms help obtain the correct phase of the
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response quickly. Following the aeroelastic analysis (section 6.1.4), the

following expressions are used for the aerodynamic coefficients
1
M‘\kﬁi. = %e {;i'-t“ ;i‘ [- % i ] “-‘-?ifb‘-?at.?a [&(7_-”' "')]
+3B B (GG - £5D)
- ;(.n'te ‘(;fs % U\ (\+e (’(T\ + = "]}QM
\ . 2
Mave = S, "%’fk“* 31T
+ B[S (2 - D 3
W\ 2 Z oo c*

% $%® 1300 - Liw]R Ear

Il

3
2
I
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0
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>
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fT—ﬂ
] o
N
—d

My = S, (-1 S & ac
|

M = Se W [zurlE ac
\

Qi = SQ {%‘3‘(& r(‘f:ca—f %r]rz&‘g«_
1

(Sbe, = S‘D %é (e \\f' < éa(—
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where

1
h = Cct4 )T

N\ = \hl '+'/*‘;

2.3 Blade Bending and Torsion Modes

2.3.1 Coupled bending modes of a rotating blade.- Equilibrium of the
elastic, inertial, and centrifugal bending moments on the blade gives the
differential equation for the coupled flap/lag bending of the rotating blade
(see section 2.2.14). TFor free vibration — the homogeneous equation with
harmonic motion at the natural frequency Vv — we obtain the modal equation

for bending of the blade:

(ex3") - K (§Egmi R Y —w B RF —e*] =0
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Here n(r) = 203?— xok is the bending deflection (mode shape),

EL = EI;E"ET -+ Elx*if

I

( Ei:t;ibl ct:SZEB -3 EL:I;!* S;';t£5~t>t:§7:5
-+ ( Ei:IL'te; Sénut:EB -+ E;:L]JkLJ¥02§>\>~1z&:E;§

H(ET,, —ET ; )e-O s (GH+Fale)

- -t
is the bending stiffness dyadic Q = QkB is the rotor rotational speed, and

v 1s the natural frequency of the mode. The boundary conditions are as

follows:

(a) at the tip (r = R): EIR" = (EIR")' =0

w-d "

(b) and at the root (r = e): n=7' =0 for a cantilever blade;

7= 0 and EIR" = Kgﬁ' for an articulated blade.

The root boundary condition is applied at the offset r = e to allow for
hinge offset of an articulated rotor, or a very stiff hub of a hingeless rotor.
Different offsets can be used for the out-of-plane and inplane motion

(ef and el). With the hinge springs at an angle BS from the hub plane, the
hinge spring dyadic is

Kg =  C(kpene®dg 4+ K, 620 Te g
+ (ke smFog + Ky e ) Ta Ya
4 (b =X 5D cned (Taly +TFad

where KF is the flap spring and KL is the lag spring constant.

It is useful to be able to use for the pitch angle of the structural
principal axes the effective angle Ge = ®6. The parameter ® 1is zero for

no structural coupling of the inplane and out-of-plane blade motion; and
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A =1 for complete coupling. For the hinge spring pitch angle Gs, an input

value can be used; or 5?675 can be used; or more generally es =3?e75 + 0

This differential equation is an eigenvalue problem for the mode shapes
n and the natural frequencies v. The equation and boundary conditions

constitute a proper Sturm-Liouville problem. It follows that a series of

-y
eigensolutions or modes ni(r) exists with corresponding natural frequencies

V3 and that the modes are orthogonal with weight m. Hence if i # k,

i ";f)w‘\’l)v.*“lr = O

The frequencies satisfy the energy balance relation:

R '] = =3
¢ Jf/eyk ,,((e_\_'_g (ﬁugzau zgrgm.xv\ -m(&i}i];l:t‘
gz \fm.u—

h

The modal equation will be solved by a modified Galerkin method follow-
ing reference 3. This approach works better for large radial variations in

the bending stiffness than does the Rayleigh-Ritz method in standard form.

Write the differential equation as

Ku _ ( S‘, %wég _Y_i.B' ——Y’\tsﬁs;i‘ __\MDZ;{ -5

v1 - _gztlgtu ‘\) /V\ = ©

: e vl - 2y
with boundary conditions M =M' =0 at r =1, and n =0 and M = Ksn at

r = e. The deflection and moment are expanded as finite series in the func-

. = =
tions fi and gi
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-YJL = ZC-'.?:'.("3
M o= & 3‘;«3

It is required that each of the functions T; and E; satisfy the boundary
conditions; then the sum automatically does. Since a finite series is
required for numerical calculations, this will be an approximate solution.
For best numerical accuracy the functions f; and E& must be chosen so that
the lower frequency modes can be well represented by the truncated series.

Substituting these series into the differential equations and operating with

T D e 63 (D ae

gives
aW

g4d; S ig%i
R W (LSRR A0 R T S xlﬂu
Ec; Sz%"i e~ £ S p a:p_« -‘g L =»o

Integrating by parts and applying the boundary conditions gives
\ -
\‘h'M dr =

1 7

n——
——

- 4

\ (fy,M\ + Szg\ﬂ M‘L‘-

TR
Wt G

<)

Se ety -'si P N



so the first equation becomes

£a LT+ T (% S SO

+ & e S‘@Y \‘CSWAS?\-S’;Y- - Wﬁiﬁ‘iy_fﬁ‘-@\ "‘MQIA Y

58\ U

et @

-
Hence the problem reduces to a set of algebraic equations for
-

d = [d,]

c = Lci] and

C-j + b2 -k

=
T2 — Ad = ©

or
CeN's™ 4+ b —3¥BHE =0

For simplicity the functions used for the moment expansion are

— -
: gi = fi"°
Then the coefficients of the matrices are
_ " -
A"‘ - % -i g,_z.p_u ‘B Sf
\ a2
E;ki = <SQ,‘WA %V.‘SSR
\ D D
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AS\(&M{%’: A Wl e -&:} ir

Du = Q (2..\

-4 "‘n T -3 -l
(Note that using gi = EI fi would give C=C = A go 4 = ¢, and this
solution would reduce to the standard Galerkin form.)

- T
The eigenvalues of the matrix B 1(CA 1C + D) are the natural frequencies

vz of the coupled bending vibration of the blade; and the corresponding
eigenvectors © give the mode shape 7ﬁ As a final step, the modes are
normalized to unity at the tip: l'ﬁ(l)l = 1. This modified Galerkin approach

equivalently replaces the Rayleigh energy expression for the natural frequency

(given above) by

7%l .;\ "M -Mel' A
+ 52 G gm3y -““9*'13’]4«’

—_—

R
S\zwu\r
The blade nonrotating modes and frequencies can be obtained using
-} 1;"
F\Ki = \ Q‘. ( \> JLJ“'

- Vig

bk’- = Qv_(m\ 23 g:(t\

-3
A convenient set of functions for fi are the bending mode shapes of
a nonrotating, uniform beam. Such functions will satisfy the required boundary

conditions, and furthermore are orthogonal (necessary for good numerical con-

ditioning of the Galerkin solution). Let v be the series of eigensolutions

_RE-



4
of the differential equation d w/dxa = a4w with appropriate boundary condi-

tions. Using these functions for both out-of-plane and inplane deflectiomns

gives

-i' (f\ -_— W| (*3&

?z(fw = W, (%BYB
?:;(c\
-S‘“(f3 = wz(xﬁ.ts

w, WO Ta

ete.

where x = (r - e)/(1 - e).
For a uniform hinged blade, the nonrotating mode shapes are:
st o S oy + $-°~S-\:~°~AM

W =

where a 1s the solution of

_Gaaob—'_—'-wQ

The first mode (a = 0) is w = x. For a uniform cantilever blade, the non-

rotating mode shapes are

w = (S e = Gtan (Somdrong = T oD

[ —

- (cmoa -+ CAu»ngf) (enehox = cae )

2 S Sl
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where a 1is the solution of

Coso caalia = —1

The values of a for the lowest modes are given in the table below.

Mode Hinged Cantilever
1 0 1.875104069
2 3.926602313 4.694091134
3 7.068582747 7.854757439
4 10.21017612 10.99554074
5 13,35176878 14.13716839
6 16.49336143 17.27875953
7 19.63495409 20.42035225
8 22.77654674 23.56194490
9 25.91813940 ‘ 26.70353756

10 29.05973205 29,84513021

The centrifugal force 1s required for the bending mode calculation.

With the section mass defined at radial stations ri (1{ =1 to M) the centrifu-
gal force is

\" XWLS - gj %‘M&S = i§1-n Sr:':,--\ XW\{S

where T1.1 £ T < ry. Then for linear variation of the section mass between

the stations ri, the integrals can be evaluated as follows:
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A = _—— e = 3
'9\ c < = L
¢ T° -\ 2 3
. (2 - Emnrt, s

+ i i ‘_SS(" 3~-\ x ») H'\X* NMS\(VM\“"S

where 3 z 3
]

' , *
S(apy = \3%'\% = X0y {’5 z (4

2.3.2 Articulated Blade Modes.- For an articulated blade the modal
differential equation need not be solved if the higher bending modes are not

required. Rigid flap and lag motion about the hinges gives the two lowest

frequency modes:

cﬂ-ea‘\swih

2 2

V7' = Vll“§ = — 1 — ey
S —

A ('—?—e

Note that separate hinge offsets may be used for flap and lag motion. The
natural frequencies are obtained directly from the energy relation, as

follows:

-89-



1
t e %e,g'/tw‘u B \(L/S‘ERS

<
N

Q‘U) q -'CJ;) <;€4L vt‘-~éb4'

vlvn¢§_(‘ -+ ¥L¢ /qul‘a3
e¢

\
D:\ = 1+ %) —
¢ C'\~—'Eﬁ\) <5q? Ml A

2.3.3 Torsion modes of a nonrotating blade.- Equilibrium of the elastic

and inertial torsion moments (see section 2.2.14) gives the model equation

(C—:’S"g'y "*":l'.’at.a"?s = o

with the boundary conditions }' = 0 at the tip (r = R) and ? = 0 at the
root (r = rFA)' The modes are orthogonal with weight Ie, so if i # k

p
Sr Th o e =o

A

The frequencies satisfy the relation

k { <
Gy J C
z A i
£

eA

e YT A
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These are the nonrotating torsion modes, so the solution is independent of
the rotor speed or collective pitch,

The equation is solved by the modified Galerkin method, as described in

detail above for the bending modes. Write the differential equation as

___\__l -— Iewl§

-t
S 3 T = o
sItet

Expand the torsion deflection and torsion moment as series:

% = < < S,;(r}

T~ = ¢T3 31("3

where the functions fi and 8y satisfy the boundary conditions on } and T.

Substitute these series in the equations, operate with

\ \
S(FA&\L(...B AWy oD S(& b» (~<9)

integrate by parts and use the boundary conditions
l \ \ ’

g T = ST =S ST
"FA ‘T2  ea

_\ { T A

‘rA

I
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to obtain

i { t
Z a0 S(FA Q\t 3;4.8’ — Lt e Sq"lﬁgy_;}; i < O

.S,

i e~ ZA,.S (S e =o

A

-~
Hence the problem reduces to a set of algebraic equations for ©¢C = [ci] and

= [q;]
c3 —wrRE =o
-3
C

.
— A a

[
0

c:j-r'

ar

éA_'C-r ——LQLE>'A

For simplicity, the functions used for the torsion moment at g, = f;. Then

i
the coefficients of the matrices are

Ak, ‘rg g"“ sc'-at \_‘ g" l

|

§

Scﬂ T gSv.g'\ L

I

By

\

\

Il
Stﬂ Sk Lo

I

Cy;

\

(Note using 8 = Gin' would give the standard Galerkin result.)
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The eigenvalues of the matrix B—l(C A—lCT) give the natural frequencies
of the torsion vibration, and the corresponding eigenvectors for o give the

modes. Finally, the torsion modes are normalized to unity at the tip,

() = 1.

A convenient set of functions to use for fi is the solution for the

torsion modes of a uniform beam:

Wy = S [ (=3 T::: ]

These functions satisfy the boundary conditions, and will often be close to

the true mode shapes.

2.3.4 Kinematic pitch/bending coupling.- The kinematic pitch/bending
coupling KPi and the pitch/gimbal coupling KPG have a significant role in
the rotor dynamic behavior. The definition of KPi is the rigid pitch motion
due to a unit deflection of the i-th bending mode: KPi = -d e/dqi. For an
articulated rotor, the first "bending" modes are rigid lag and flap motion
about.the hinges. The pitch/flap coupling is often defined in terms of the
delta-three angle? Kp = tan 83. It is possible to simply input these
kinematic coupling parameters to the dynamics analysis, if values are available
from either measurements or some other analysis. It is also desirable to be

able to calculate the coupling from a model of the blade root geometry.

Figure 10 is a schematic of the blade root and control system geometry
considered, showing the position of the feather bearing, pitch horn, and
pitch link for no bending deflection of the blade. The radial locations of
the feather bearing and pitch link are rPB and oy respectively; the length
of the pitch horn is Xpy The orientation of the pitch horn and pitch 1link
are given by the angles ¢PH + 975 and ¢PL' Control input produces a vertical
motion of the bottom of the pitch 1link, and hence a feathering motion of the
blade ébout the pitch axis. Bending motion of the blade, with either struc-
tural flexibility or an actual hinge inboard of the pitch bearing, produces
an inplane or out-of-plane deflection of the pitch bearing. With the bottom

of the pitch link fixed in space, a pitch change of the blade results.
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Schematic of blade root and control system

Figure 10.
geometry for calculating the kinematlc

pitch/bending coupling.
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The vertical and inplane displacements of the pitch horn (the end at rPH)

due to bénding of the blade in the i-th mode are:
- 2 \> _>’( \)
az = 9T (i (98) = b (%) (Gg =0

Ax = —i 12% “}JL (Ceeb — ‘7‘\' (Ga) (Qg—-(m\s

The kinematic pitch/bending coupling is derived from the geoﬁetric constraint

that the lengths of the pitch horn and pitch link are fixed. The result is:

K, - (eetine 4 s by Fa ) (T (5 - (@dte=cowd

— Moy o6 C oy + Oqg + dp D

Similarly, for a gimballed (or teetering) rotor the pitch/flap coupling is:

K — (Fon/ Yon) <osbpp
e e ($oy — O9g + $pL)

I

(KE.S pried Rern Ruoctzowred

coad Chop + ©9g +ba )

2.3.5 Blade pitch definition.- Outboard of ro,s the trim pitch angle
is given by the collective and twist angles, while inboard of r it is

FA
given by just the twist angle:
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et *+ O (M > P‘A

Sy, (Y C< Cea

(see section 2.2.2). It is convenient to use the collective pitch value at

75% radius, 675. Then

Onqg + 4y (D > Ga

e =
O (7 < Ga

which requires etw(r = .75) = 0 (but no change to etw for r < rFA). For
a rotor without a pitch bearing, it is more appropriate to maintain continuity

of € by adding a linear term inboard of Tra®

S = tA

a 76+ One (O €< Cen

For the structural and inertial analysis the pitch angle is multiplied by the
structural coupling parameter ®&.

The twist distribution etw(r) is required at the radial stations for
which the inertial and structural properties are defined; and at the radial
stations at which the aerodynamic forces are calculated. The aerodynamic
twist definition can include the zero 1ift axis pitch eZL (see section 2.4.1).
Frequently, a linear twist distribution is used, for which

O = ©Og.. (r--ns>
e
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2.4 Aerodynamic Analysis

In this section the aerodynamic forces and moments on the rotor blade
are derived. The general case of a rotor in high or low inflow, axial or
nonaxial flight is considered, including the effects of reverse flow and
large angles. Lifting line theory (i.e., strip theory or blade element theory)
is used to calculate the section loading from the airfoil two-dimensional
aerodynamic characteristics, with corrections for yawed and three-dimensional
flow effects are required. The unsteady aerodynamic 1ift and moment are
obtained from thin airfoil theory, and a dynamic stall model accounts for the

unsteady aerodynamic phenomena at large angles of attack.

2.4.1 Section aerodynamic forces.- A hub plane reference frame is used
for the aerodynamic forces. All forces and velocities are resolved in the hub
plane (i.e., the B coordinate system). The hub plane reference frame is fixed
with respect to the shaft, hence it 1s tilted and displaced by the shaft
motion. Figure 11 illustrates the forces and velocities of the blade section
aerodynamics. The blade pitch angle is 6, measured from the reference plane.

. The velocity of the air as seen by the moving blade has components wup, Up»
and Ups resolved with respect to the reference frame; U = (ui + upz)ll2 is

the resultant air velocity in the plane of the section; and ¢ = 1:an-1 uP/uT
is the induced angle. The section angle of attack is

A = © + Oz —P

where eZL is the pitch of the aerodynamic zero-lift axis of the section
relative to the structural/inertial principal axis at pitch angle © (SZL may
vary along the span, and should not therefore be included in the definition
of the section aerodynamic coefficients as a function of aj BZL can however
be included in the aerodynamic twist distribution, if etw is defined

separately for the inertial/structural pitch and for the aerodynamic pitch).
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Figure 11. Rotor blade section aerodynamics,
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The velocity U is in the hub plane, positive in the blade drag direction;
up 1s in the hub plane, positive radially outward along the blade; and uy,
is normal to the hub plane, positive down through the rotor disk. The aero-
dynamic forces and moment on the section, at the elastic axis, are defined

as follows: L and D are the aerodynamic 1ift and drag forces on the section,
respectively normal and parallel to the resultant velocity U; Fz and Fx are
the components of the total aerodynamic force on the section resolved with
respect to the hub plane, normal to and in the plane of the rotor; Fr is the
radial drag force on the blade, positive outward (the same direction as
positive uR); and Ma is the section aerodynamic moment about the elastic
axis, positive mnose up. The radial forcgs due to the tilt of Fz and FX are

considered separately, hence Fr consists only of the radial drag forces.

The section lift and drag are
T
L '%SU‘ ccq + Llus
2
L
D = zg‘* ccy

where U is the resultant velocity at the section, p is the air density,
and ¢ 1is the chord of the blade. (The air density can be dropped since all

quantities are actually dimensionless, based on p, 2, and R.) The section

lift and drag coefficients, cy and cq» are functions of the section angle of
attack and Mach number:

N

M Moo X

where MTIP is the tip Mach numBer (the rotor tip speed QR divided by the

speed of sound). Lus is the unsteady aerodynamic lift force. The radial
drag force is
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. = Cug/LDO D = %%ng <<

This radial drag force is based on the'assumption that the viscous drag force

on the section has the same sweep angle as the local section velocity. The
moment about the elastic axis is

M., = —b *+ My + My

Z
= —xA‘—sz" cey + TgWctam + My

where XA is the distance the aerodynamic center is behind the elastic axis,
Ch is the section moment about the aerodynamic center (positive nose up),

and Mus is the unsteady aerodynamic moment.

The components of the section aerodynamic forces relative to the hub
‘plane axes are then

Fa

I

Lr._a.acl:\ —f)s-w¢ = (Lu~ -bke\/LA
Lowmd +bead = (Lup+Busd /U

.t
l

Substituting for L and D, and dividing by a, the two-dimensional 1lift-curve

slope, and by c the mean section chord (which enter the Lock number Yy
-
also), we obtain:
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~c

M - [_..  <v . &~ My, <
;;i% N *a A Za t W e 2o + ac Cmn

The net rotor forces required are obtained by integration of these section

forces over the span of the blade:

Moymee = RS2y _ BN

aAacC.

L W X R W N €5 N A
e
o T G S Y
(Sye = SR
S, = &
s

o
)

b

)

(GO, =
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where

F=w = Fy (B + S = Seag) —S (=% + S
——?’4; (Gz_ek "";x-"-)k >;‘\f

To numerically integrate the aerodynamic loads over the blade span,

define K radial segments by the boundaries

50ty S

where rK = 1. For the k-th segment, the airloads are calculated at the

center:

< = "é((’k-!—rk-‘s

Then the spanwise integration is approximated by a summation over all segments:

S
% SS('LZ‘“) AT,

12

g:gmu

where

A, = (r“_r“_,ﬁ

In summary, the rotor blade aerodynamic forces are evaluated as follows.
First the section velocity components and pitch angle are evaluated, and then

the angle of attack and Mach number. Next the section aerodynamic coefficients

-102-



~are obtained (see section 2.4.4), and from them the section force components
and moment. Finally, the section forces are integrated over the rotor radius

to obtain the required generalized forces.

2.4.2 Blade velocity.- The air velocity seen by the blade section is
due to the rotor rotation, the helicopter forward speed, the rotor and shaft
motion, and the wake induced velocity. The rotor is rotating at speed Q.
The velocity of the air as seen by the rotor disk has the following dimension-
less components in the shaft axis system: Hos positive aft; uy, positive from

the right; and Moo positive down through the disk:

™ = 4
PoEom T o= paTs —aads —pmaKs

Often the lateral velocity component py = —3; . T? is assumed to be
zero in the rotor aerodynamic analysis, and indeed it is small for most flight
conditions. An exception is the case of sideward flight. An alternative to
including uy is to rotate the shaft axes until 32 . T? = 0, but that would
imply a redefinition of the rotor zero azimuth position for every flight state.
Such a redefinition of ¢ is not desirable since it changes the values of
parameters such as the control system phasing, and even changes the definition
of the harmonics of the rotor motion. Hence it is preferable to directly

include the effects of the lateral velocity in the analysis.

The rotor wake-induced velocity is Xi = vi/QR, normal to the rotor disk
and positive downward. A simple model may be used, such as a uniform or
linear variation over the disk, or calculated nonuniform induced velocities
may be used. For the latter case, all three components of the wake induced

velocity (in shaft axes) will be considered:

N = \*x'i; —_ \>3)?§5 -——’%i;If;

The rotor advance ratio u and inflow ratio ) as conventionally

defined are here
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o= I pd e py

K= Ak,

These are the dimensionless inplane and normal components of the total velocity

seen by the rotor disk. The hub plane angle of attack and yaw angle are then

)
Lup = G L2
| VpE g
‘ - ! /_\_t
’*1«? 3 -TE;- o
: - Vessalyp
M T e
_ v; -o-\ls-\'«.ot“e ~ T
> = SzR RN Fne

Here V 1is the helicopter velocity, with angle of attack Aup relative to

the hub plane (QHP is positive for forward tilt of the rotor disk). The
advance ratio u 1is zero for hover and axial flow, and u > 0 for helicopter
forward flight.

The aerodynamic gust velocity has components Ug * Voo and Lo in the
shaft axis system, normalized by dividing by the tip speed QR., The longi-
tudinal gust Vo is positive from the front, the lateral gust v
tive from the right, and the vertical gust w

L G

(

evaluated at azimuth angle ¢ and radial station r on the rotor disk

c is posi~
is positive upward
Vgust = udI; - véﬁE + wéE; relative to the rotor). This gust velocity 1s
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(at r = ri% = r(cos wi; + sin wj;) relative tc the hub). The quasisteady
shaft motion and the gust velocity at the rotor hub will be included in the

advance ratio component Voo uy, and M, (see section 4.1.2).

The blade and shaft motion have been defined in the inertial analysis

(section 2.2). The resulting velocity components in the rotor shaft axes are
thus:

Ur = 4+ (DO -4-(,«3-;_\3}&».‘4)
— (g 45NV Gy +\‘D&w\w\ (SFA

—Yg- (%:Lx;%\
+‘€¢-,(zz.-t.—x:f)'

-+ (/30«( -+ :Y“ +\:c>c»a\l»’ -+ (ft%d\a —.\.A‘QA-H,\(D&&P
_ﬁ__(/u,‘C‘rgNP ——/uaréaA.U;><c&e-+—‘§j) S (éka'ﬁ-QE’\>

I

ue (pry +59) ww-9~3+\33wkr + %ea + Ga éﬁ,&z
%% (2R — € Fe- (2—xXY
———(\a-?)«;\[ S'FA\ —%-Q-AL-{-@G 4'-8& . (L;stiy }
- ((,«,_p\,\\:mw —+ </-3+\33 ey D( 83
- G-

— (/u%¢x§& 1'iéru-k‘4e:32h~34)'—k (,\%4**3__ igb-+\A<:)cJugk*)
—’(/"‘y&w*}' -—l—-/ua_ouk\)\ (ole — ‘sz
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Up = M2 +dg +cfe +T - (RR—%B Y
+ ((prat g JeoaW — (s +\Qs-~v\[ 4, —%eay + Ra
e (2w Y T
+ (3, —we —Mnoly -/«)“0 4+ ( Ay oy — %»N\

and the pitch angle is

(- ]
© = Ol + BOpme + L Pil:

‘=0

In body axes, the trim velocity vector is fixed with the reference frame, and
would therefore tilt with it. With inertial axes however, a tilt of the rotor
by the shaft motion results in a small change in the directions of the com-
ponents of u as seen in the reference frame. All the upo terms in the
expressions above for Ups Up, and up result from such tilt of the inertial
~xes relative to the trim velocity vector. The aircraft body yaw, pitch, and
roll will be defined as body axis motion however. Hence the body Euler angles
are not to be included in the evaluation of ax, Qy’ and uz for the blade

velocities.

2.4.3 Induced velocity.- For the case of uniform inflow, the rotor wake-

induced velocity is obtained from the momentum theory result
Cr

where - A = “z + Ai and uz = uxz + uyz. Empirical correction factors k, and

h

Kg are included for the effects of nonuniform inflow, tip losses, swirl,

blockage, etc., in hover and forward flight. An iterative solution of this

equation for ki is necessary:
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(WD, = i_ = OO 4 42
| ) -
C -+ -—_i » /KS

3
< = (NAY ~+ D =

with C
[\
\ﬁl —

2 ] er/zvg it

to start the solution; 3 or 4 iterations are usually sufficient. For the

vortex ring and turbulent wake states this momentum theory result is not

applicable, Thus if

[4

PEF (2pe + 30 < 2.

the following expression is used instead:

A3 pg + AR M

— 1991
Y.

\)\ = Mz — ngﬂlfxi:‘i:

where

O, = \ICT/Z

The wake-induced velocity is reduced when the rotor disk is in the
proximity of the ground plane. The effect of the ground will be accounted
for using the following approximate expression from reference 4 for the ratio

of the induced velocities in and out of ground effect:
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where 2z 1is the height of the rotor hub above ground level, normalized by

the rotor radius; and ¢ 1is the angle between the ground and the rotor wake

(e = 0 for hover and ¢ approaches 90° in forward flight), which accounts

for the effect of forward speed. Note that ground effect is essentially

negligible for altitudes greater than the rotor diameter (z > 2) or at forward
speeds . > 2(CT/2)1/2. This expression compares well with test results,
down to an altitude of about one-half rotor radius (see reference 4). The

rotor wake-induced velocity in ground effect is thus

(*Dzee = O T:::z ><>\DQGE

Let hAGL be the height of the helicopter center of gravity above ground
level; and (xR, yR, zR) be the components of the rotor hub position relative

to the center of gravity, in a body axis system (the F frame, see section

4.1.5). Then the altitude of the rotor hub above ground level is
- -
2= X‘AC—»L —(\‘g\—F-\-\%q_aF-\--ag-ﬁ():iE

= t [.’Q"Ar.l_ —_ Rw’m (2o cmdprcmabry
g cmeSey S ey -—-Xg"‘“QF?)j

The vertical (ﬂ%) is defined relative to the body axes by the trim pitch and

roll Euler angles (BFT and ¢FT’ see section 4,1.1). The angle between the
rotor wake and the vertical is

cosE = (:/*1ff3 -—-/“z;j;s -_\%--ig:i):xgg ,//\j:;:} ﬂ*JPE;' 1P§KF ‘

' — O

x NV
= |~y w%c,—s‘w‘“’FT
NpZ At + N (—\ ) Fe

(2 -V1=F2 ] CJDA<ngr

I
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where RSF is the transformation matrix between the shaft and body axis

coordinate frames.
As a first approximation to the rotor nonuniform induced velocity dis-

tribution, a linear variation over the disk is considered:

AN = M (Klr s + k.) r-.s—;.\\PB

where Ai is the mean value of the induced velocity, calculated as described
above. Typically Ky is positive, roughly 1 at high speed; and Ky is
smaller in magnitude and negative. Both K and Ky must be zero in hover.

Based on references 5 to 7 we will use

K o
K, = z —_ x ra
T mest <+ 27

Ky S TR I T TR A bl

with typically fx = 1.5 and fy = 1,0. There will also be an inflow variation
due to any net aerodynamic moment om the rotor disk. The differential form

of momentum theory gives

G (= 2Cmy €AY ZCun, & R
AN =

Npr/ g +30/Kg

including an empirical factor fm.

With twin-rotor aircraft it is also necessary to account for the rotor-
rotor aerodynamic interference in the wake-induced inflow velocities. The
induced velocity at each rotor will be expressed as a linear combination of
the isolated rotor induced velocity. Let Ail and Ai? be the trim induced
velocity of the two isolated rotors, calculated as above. Then the trim

inflow ratios are
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Here K12 and Ky are the rotor-rotor aerodynamic interference factors.
Separate values are used for the interference factors in hover and forward

flight, with a linear variation from u = 0.05 to 0.10.

In summary, the isolated rotor mean induced velocity is calculated from

the advance ratio and thrust,

Moo= dge g (R

where fGE = 1 out of ground effect. Including the rotor-rotor interference

and the linearly varying induced velocity components, the inflow ratios are
then

Moo= M ' -+'\\11 + K,y <EEEf§> * Mo

SR,
-+ C\-H Ky~ enall o \;, k.,«-s&..*l-’\

Gl = ZCmy ceas® 4 Zla, Com )

Jmhg RS
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for rotor #1 and rotor #2.

2.4.4 Section aerodynamic characteristics.- The section aerodynamic
characteristics required are the static 1lift, drag, and moment coefficients as
a function of angle of attack and Mach number: cﬂ(a, M), cd(a, M), and
cm(u, M). Most often rotor loads analyses use two-dimensional airfoil test
data in tabular form. The aerodynamic description of the blade also requires
BZL’ the zero lift angle of the section relative to the structural/inertial
principal axis at pitch angle 6; and x,, the distance the aerodynamic center

A
(in normal flow) is behind the elastic axis. The strict definition of 6

is actually the pitch of the axis corresponding to a« =0 in the airfoilzzata
used. Similarly the strict definition of X, is simply the location of the
axis about which the moment data c, are given. It is convenient to use the
zero lift axis and the aerodynamic center, but the most important considera-
tion is that the definitions of BZL and xA be consistent with the zero angle
of attack and moment axis definitions in the airfoil data used.

The angle of attack o is defined in the range -180 to 180, with the
same sense as 0. The lift, drag, and moment as a function of angle of attack
are defined as in two-dimensional airfoil tests, where a 1s varied by pitch-
ing the airfoil; and the 1lift is always positive vertically; the drag is posi-
tive in the direction of the free stream; and the moment is positive nose up.

For the rotor blade in reverse flow then (uT < 0), a positive pitch © or
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positive (down) normal velocity up gives an angle of attack near -180; which
gives positive co and 4’ which are down lift L and forward acting drag D.
The section moment is given about a fixed axis of the section. In reverse
flow the aerodynamic center shifts to near the three-quarter chord (from near
the quarter chord in normal flow) so it is expected that the ¢ data will

show a nose up moment contribution of AM = %L or Acm = %tz in reverse flow
(see fig. 12).

The steady, two-dimensional airfoil data (cg, g and c, 35 2a function of
n, M, and r) will be used in tables of the following form. The data will be
defined at a finite set of angle of attack points. To facilitate interpola-
tion; these points will consist of several groups, with the same angle of
attack increment within each group. Then the set of angle of attack points

can be specified by the o at the boundaries between the groups, and the

indices of these points: Na’ 1 to Gny. s and ny to BN, (for Na-l groups).
The organization will be similar for the variation with Mach number. For the
radial variation, the blade will be divided into segments with the same
section, defined.by the r at the boundariesi Nr’ and rl to rNr*4 for
Nr segments. Hence the data set for the 1ift coefficient has the form

No» &y (k=11to N), o) (k=1 to Ng)

Nm,nk(k=lton), Mk(k=ltol{n)

Ne» Tp (k=1 to Nr+1)

cx(i) for 1= (jr"l)nNa“Nm + (jm-l)nNa + ig

(((3,= 1 to nNa)’ h=1to nNm), i =1to N.)
and similarly for the drag and moment coefficient data sets.
The data will be linearly interpolated over angle of attack and Mach

number. The boundary point definitions determine the values of o and M

for all points in the data set. Consider the angle of attack variation. The

bouﬁdary point definition of @ 4 for i =1 to Na implies that the angles

of attack for points between the boundaries @ s and Gny4q are

Seiar = Olwg

. = o, :
" ¢ T Viwy — M
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FPigure 12. Sketch of section aerodynamic characteristics.
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for i =0 to (ni+l- ni). Hence given a, we search for i such that

=

w; § = et

L

It follows immediately that

N.
d
where
dﬁd\\'
: = W —_—
&= . { PNy
oy = vy =+ (ée.—-“;,\Aol
Aot = ) Yy "‘°‘m4_

([a] means the greatest integer in a; i.e., integer arithmetic). With a

and at uj+1, linear interpolation then gives

function ¢ defined at aj

S =T 234 * Sye c:).-o-\

where
A - L.
— j — ""- o . —- -L- -
“ar Boap—g b (o=t = gg ot d=(3m)
J
X —omy [
- At , P} 1
and
ol - o ol . -
o. == ™ . ey -+ Ad ol j— | — Q-+|
3 ds"" —_ad. Aaﬂ 3
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If a < o, set g = 1 and a =0; 1if o > any_ s set ja = nN, -1 and
a

1 j+1
aj+l =1, Similarly, for a given Mach number M search for k such that
< <
~ -~ .
/V\“k. rd\ 1nk+\

then calculate

. M-—M“l]

= M ¥ | TER

AM = M"‘v.-n - M“v.
Y+t -,

™, = M—Muw M =My
3+ OM QM

) = I — ws-n

If M < Ml, set j = 1 and mj+l =0; if M > HnNm, set In = Oy -1 and

mj+1 = 1. The appropriate radial station is determined by searching for jr
such that

X Ly

The aerodynamic coefficient is evaluated at the four corners, and then the

interpolated value is
c = °5W'bc('du)'éw)éc\ +“B"“"a-nc('d‘>5“*l)ér\

+°§*\‘“j e ( Bu*‘) Aw\) 5«5 ‘\'Q‘)ﬂ“é'ﬂc( §“+l) 8“-‘-‘) Arx
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2.4.5 Tip flow corrections.- Three dimensional flow effects at the blade
tips significantly alter the wing loading. Principally it is ﬁecessary to
correct the blade element theory section loading calculation for the lift
reduction and compressibility relief near the tip. The standard tip loss
correction assumes that the blade has drag but no 1ift outboard of radial
station r = B. Hence for a radial segment extending from r; to T4’ the
lift coefficient is multiplied by the factor

VV\M(O)MCL ﬁi\\

) ri.-u -

The moment and drag coefficients are not altered. For the tip loss factor

B = .97 can be used, or

E = | N

Alternatively, the tip losses can be accounted for by multiplying the blade
element theory lift by the Prandtl function:

Z- | (‘-'\N/2>*o
‘I‘ = ST <o e

An effective tip loss factor can be evaluated from this function:

N
hence
a o = D=/ 1-8D
P = 5 = e
(=20 -8)
2 A
= Z 7 (3
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The three dimensional flow at the blade tip increases the critical Mach
number of the tip sections, compared to the two dimensional flow character-
istics. This compressible tip relief may be accounted for by reducing the

effective section Mach number by the factor

_ Meg
S = L

The factor fM must be specified at each blade station, for the lift, drag,

and moment.

Swept and tapered tip planforms are defined in the present analysis by
the blade chord, aerodynamic center, pitch angle and zero lift angle, and
center of gravity distributions (¢, Xx,, ® and eZL’ and xI). Any sweep of the
blade elastic axis at the tip is neglected however. The tip planform should
also be considered in choosing the tip loss factor and compressible tip relief

factors for the rotor blade.

2.4.6 Yawed flow correction.- Yawed flow over the blade section may be
accounted for using the equivalence assumption for swept wings: that the
yawed section drag coefficient is given by two-dimensional airfoil character-
istics, and the normal section lift coefficient is not influenced by yawed
flow below stall. Since the wing viewed in a frame moving spanwise at a
velocity V sim A (where V 1s the wing velocity, yawed at angle A) is
equivalent to an unyawed wing with free stream velocity V cos A, except for
changes in the boundary layer, there should then be no effect of spanwise
flow on the loading below stall. Accounting for the effective dynamic pres-

sure and angle of attack of the yawed section relative to the normal section

leads to

(et = T2,p (HFean® LD /can A
<y (A = Cazn (o(w-.s_A..w/CMJ\—

Cm () = Cwmp, (olwmz_/LB
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for the section aerodynamic coefficients in terms of two-dimensional airfoil
characteristics. These results are largely verified by the experimental data

for yawed wings. The section yaw angle is given by

z 2z b
he =+ W
C&A.A.:j M B
7Y

< T A
T+UP +ug

In reverse flow ( \a\ > 90°) the angle of attack correction is

o/.) = [ Clext\ = 180 Deos-A -+ 130 ]9«43\\5(

for the drag, and

[ el — 186D aa® A 4+ 130° ] e o<

s
i

for the lift and moment.

2.4.7 Dynamic stall model.- Dynamic stall is characterized by a delay
in the occurrence of separated flow due to the blade motion, and high transient
loads induced by a vortex shed from the leading edge when stall does occur.
These features are modelled by the following procedure adapted from reference 8.
McCrnskey (ref:irence 9), and Beddoes (reference 10) have found that the dynamic
stall delay correlates fairly well in terms of the normalized time constant

T = At V/c. Their results for 1ift and moment stall are

McCrockey 4.3 + o. 78 &%= .2
Beddoes s 4 & o6 2-46 %X 0.5
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or approximately = 4.8 and Ty = 2.7 (a constant 2

for the drag stall delay). Hence the section lift will be evaluated at the

is also required

delayed angle of attack

oly = x(w- MR = o — AN X

where AwL = QAtL = TLC/|uT| (radians). A maximum value of the angle increment
(a - ad) should be specified in order to avoid difficulties at small values

of uT. Thus

is used. The 1ift coefficient below stall should not be affected by the
dynamic stall model, rather the stall delay should extend the linear range

above the static stall angle of attack. Hence the corrected lift coefficient

takes the form

<g = ﬁi\ (Cxu(dax — Cxlb(cﬁ\ + ngb(o\ -+ ACyo

Including the yawed flow correction this becomes

) ot 2

Here Acg is the 1ift increment due to the loading edge vortex used at
dynamic stall, which is discussed below. Similarly a delayed angle of attack
is calculated for the drag and moment from appropriate time constants T and

D
Ty and the corrected section aerodynamic coefficients are
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Q@ = C;J:_A_ ez (g cae A A,

Cm = cmu(o("c,a.oz'_/\_v = AC.

including the yawed flow correction. In reverse flow (90 - | a | < 0) the

lift coefficient correction should be

Ty = “——{—{1 §<cgu([(\aa\—lio°§w‘./t. + \%o’]yl-&‘og}

. (It = 13D S oA
— Cep (13 =2
226(' C>\> Clegg) =138 $¢1r'cig

-+ c,u(\%o‘\g + acg

and for the drag and moment coefficients
Q = “—l;—j\. Csu<[(\dd\-—\33>m-/\.+\%o°]$wt%~.o(d§
—+ A<y

G = gy (L3 =13 D eoa™a + 138 (s + Ac

When the blade section angle of attack reaches the dynamic stall angle
Cyg? @ leading edge vortex is shed. As this vortex pPasses aft over the air-

foil upper surface it induces large transient loads. The experimental data
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of reference 11 show that the peak incremental aerodynamic coefficients depend

on the pitch rate at the instant of stall, & ¢/V, approximately as follows:

ac,y (2 & /N | Ste [\ < =05
AC"M = c'.(c/\l > .05
4£N;Q65
F o /N <02
Acw . = 1 aca,, (33:3 &e/v = 661D 02 < &e/V< - 05
rAchs (20 ac/VB SHe/N < -O5
Acém —— E
BCay, : Se /N > .05
L
with Aclds = 2.0 and Acmds = ~,65, In the present model of the dynamic stall

loads it is assumed that the incremental coefficients due to the shed vortex
(ACQ’ Acm, and Acd) rise linearly to the above peak values in the small
azimuth increment Ay, (typically 10° to 15°), and then fall linearly to
zero in the time Awds apgain. Hence the model involves impulsive 1lift and
nose down moment increases when dynamic stall occurs, which produce the blade
motion and loads characteristic of rotor stall. After these transient loads
decay the blade section is assumed to be in deep stall, and dynamic stall is
not allowed to occur again until the flow has reattached. Flow reattachment
takes place when the angle of attack drops below the angle L Generally
a dynamic stall angle about three degrees above the static stall angle gives

good results. Different values of Awds’ and are can be used for the

o
ds’
lift, drag, and moment characteristic if necessary to adequately model the

dynamic stall of an airfoil. The calculation of the vortex induced lift in

dynamic stall is outlined in figure 13. The drag and moment are calculated
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Figure 13. Outline of calculation of dynamic stall

vortex-induced 1ift coefficient.
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in a similar fashion, except that the drag is not multiplied by sign of

(¢ (90 - 1 a !)); and 1/2 Ac£ is added to the moment in reverse flow.

As an alternative dynamic stall model, consider that developed in

references 12 to 1l4. They introduce an effective angle of attack of the form

where 29 is a function of Mach number and the airfoil section obtained from
oscillating airfoil tests. This angle adyn can be used in place of oy in
the expression for <, given above, with ACQ = 0, Similar corrected angles
of attack are calculated for the moment and drag coefficients, using appropri-

ate factors ™ and T For an NACA 0012 airfoil, reference 14 gives

T = wean (O v (171 32006 — 2,31 M)
T = TH = M(Q)M(\.\;)\-ﬁl- 29 M)

{(in radians).

A no-stall model can be implemented by using for oy the smaller of the

actual angle of attack o and a maximum angle of attack @ ox in the linear

range (say 10°):
v (Lot 5 ohay D Srmne PIRATS

o<q =
e (\at) 5 136 — ooy ) Seapnch let) > 98"

The incremental coefficients (ACL’ Acm, and Acd) should be set to zero as
well.

In summary, the following procedure is used to calculate the section
aerodynamic coefficients. First the Mach number correction for tip flow is
applied: _Meff = fMM‘ The section coefficients Cos Cgs and c are calculated
from a, o, A, and Meff: first the yawed/delayed effective angle of attack is
calculated; then CZZD’ CdZD and c for a and M are obtained from

m2D eff eff
two~dimensional steady airfoil tables; C2op at a = 0 or 180° is also required;
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finally the section coefficients are evaluated. Next the dynamic stall vortex
loads ACR’ Acd, and Acm are evaluated from a and a. Finally the

tip loss correction is applied to the 1lift coefficient,

The aeroelastic analysis (see section 6.1.4) requires the derivatives of
the section coefficients with respect to angle of attack and Mach number.
These derivatives are evaluated by applying the above procedure with small

increments in o and M (not 1"1.e ). TFor the purpose of evaluating these

ff
derivatives, o, A, and the dynamic stall vortex loads are held constant.

2.4.8 Unsteady lift and moment.- The thin airfoil theory result for the
unsteady aerodynamic 1ift and moment about the pitch axis for the rotary wing
is

Lus _ = eve (1422) = $(W+uew)

o 3

& T y‘
Muw = =z 35'-;_ VR <\+4Y-:—"Sl x '39-1 (\Fq+ugw')(l+‘+ —:_-‘3
ac .

where Xpq is the distance between the aerodynamic center and the elastic

axis:
‘LAC. normal flow
V\Ae, <
"(Y‘AL_ -+ ‘I\ reverse flow
(here X\ c must in fact be the position of the aerodynamic center); and in

the double sign'the upper one is for normal flow and the lower one for
reverse flow, * = sign (V). Here w = un sin 6 - u, cos ® 1is the upwash
velocity normal to the blade surface (with no order c¢ terms); B = dw/dx is
the gradient of the upwash along the chord, as due to a pitch rate; and

V=u

+ i .
T cos © uP sin 6
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In this result the order c2 1lift and order c3 moment terms have been
neglected. The virtual mass terms (aerodynamic forces due to the section
pitch and heave acceleration) can also be neglected. The sign changes in
reverse flow have been accounted for in this result. Radial flow effects are
included in the slender body pressure terms (from the radial derivative w')
and in the contributions to the upwash w. The time derivative w includes
terms due to the time varying free stream. Corrections for real flow effects
on the lift-curve slope and aerodynamic center have been included (thin

airfoil theory gives a = 27 and the aerodynamic center at the quarter chord).

For stalled flow, these unsteady aerodynamic forces can be set to zero
(Lus = Mus = 0). The unsteady forces at high angle of attack are accounted
for in the dynamic stall model for Cosr Cq» and c

Finally, the velocities required for these unsteady aerodynamic forces

are as follows:

<
ft

Uy CRD -+ Up O

-

v {
e 4 (3(5 -t 7:3,-(’2:;3 "'\‘oiz‘\ —+ ‘AR EB

=
L}

= - = - ' = : '
and from w = un sin © . up cos 8, up z + upz + Up, s and ur ur, + x + upx',
there follows

wWaunew = VO 4 by 5w —(pcesd

+ug (Vo + u’,.s-w.e—u;we\

= \l(é-‘-qu’) —+ (GT+ugu-'.-3swe

— Cup + MguP/ D caod
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I

V(S + upo')
ol . . .
+ 50 (Lp+Ugr + Gg x'+7~+ug+uu'+uiy,“

— s ® (Ug.l’ + o't T+ + 2" )

I

- ) .
V(eg—+ 1y ® 3 —+ 2ug s~©
4+ (X + 21 w0+ i Do
.. o 4 . )
— (T + 2wz +0g? +ui 2") e

|

V(é—FUQQ') + 22U D

+Zup @ (g + W) 4 by 5w (ofy +4)
— Zug cas® B — ha caad Re
— Zup T (2R —xR Y

—Le T- (2o® = xRS

—uk T (e —vs)

— T (2% — xR Y

with up =u cos P - uy sin ¢, and using

!

Y
2 = Bo +7:6'(4=°'e—'¥e-2\
[}

X = Sz + ¥ +'€s-(af-xa‘23'
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2.4.9 (Ctreulation.- The blade bound circulation is required for the

wake induced velocity calculation:

I = %U¢cx+ms

Thin airfoil theory gives for the unsteady circulation (below stall)

v = *AB
ws = B (a2t

aC

(see section 2.4.8).

2.5 Environment

The aerodynamic environment of the helicopter is defined by the speed of

sound Cgs and the air density ratio to sea level standard p/po. (The blade

Lock number is calculated using p,.) One approach is to input values of cg

and o/po. Alternatively these parameters can be calculated from the altitude

h for a standard day; or from the pressure altitude and temperature T.

For a constant temperature lapse rate, the density ratio and speed of

sound are obtained from the following expressions.

s | A
To REYA
. /T standard day
-, =
(‘l’" ""’53/ T given temperature

s \2/3R —1
= = (&Y (ED

(N
<y = = T \>

o
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For the case of temperature and altitude specified, the density altitude is

‘ )
o= T (1 — (j’gi\““' )

Alternatively, the air density and temperature can be specified directly.
Then the equivalent altitude can be obtained from

> T\ 23
o= T O (I

The required constants are given in the table below.

Constants English units ST units
dimension h ft m
dimension T g %¢c
g/ER 5.256115
(g/ErR-1)"1 0.234956
To/ € 145442 ft 44330.8 m
T, 518.67 °R 288.15°K
T, 459.67 °R 273.15°K
cs, 1116.45 ft/sec 340.294 m/sec
g 32.17405 ft/sec? 9.80665 m/sec’
o, .002378 slug/ft> 1.225 kg/m>
(g/ER) 7 0.190255
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2.6 Normalization Parameters

It has been the practice here to deal with dimensionless quantities
based on the air density, rotor speed, énd rotor radius (p, 2, and R).
In addition, the equations of motioﬁ, the inertial coefficients, and the
aerodynamic forces have been normalized using the following parameters:
Ib’ a characteristic moment of inertia of the blade; cm, the blade mean chord;
and a, the blade two-dimensional lift-curve slope. The values of these
parameters have no influence on the numerical problem and its dimensional
solution; they only affect the values of normalized, dimensionless quantities.
It is convenient to use the blade Lock number vy and the rotor solidity o

as primary parameters. Then Ib and < are obtained from

{
W
z|4
q
%

For this purpose, the lift curve slope is set to a value of a = 5.7.
The Lock number will be defined for standard sea-level conditions (Yo);

then vy = YO(D/DO)-
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3. ROTOR WAKE ANALYSIS

3.1 Nonuniform Wake-Induced Velocity

3.1.1 Rotor vortex wake.- Conservation of vorticity on a three-
dimensional wing requires that the bound circulation is trailed into the
wake from the blade tip and root. Radial variation of the bound circulation
produces trailed vorticity in the wake, parallel to the local free stream
direction at the instant it leaves the blade. Azimuthal variation of the
bound circulation will produce shed vorticity, oriented radially in the wake.
The strength of the trailed and shed vorticity i1s determined by the radial
and azimuthal derivatives of the bound circulation at the time the wake
element left the blade. The 1lift and circulation are concentrated at the tip
of the rotating wing, due to the larger dynamic pressure there. Consequently
the trailed vorticity strength is high at the outer edge of the rotor wake,
and the vortex sheet quickly rolls up into a concentrated tip vortex. The
tormation of this tip vortex is influenced by the blade tip geometry. With
»quare tips, much of the roll up has occurred by the time the vortex leaves
the trailing edge. The rolled up tip vortex quickly attains a strength nearly
equal to the maximum bound circulation of the blade. The tip vortex has a
small core radius, depending on the blade geometry and loading. The vorticity
in the tip vortex is distributed over a small but finite region, called the
vortex core, due to the viscosity of the fluid. The vortex core radius is
defined at the maximum tangential velocity. The vortex core is an important
factor in the wake induced velocity, since it limits the maximum velocity
induced near a tip vortex. Only a limited amount of data on the vortex core
radius is available, particularly for rotary wings. There 1s an inboard
vortex sheet of trailed vorticity in the wake, with opposite sign as the tip
vortex. Since the gradient of the bound circulation is low on the inboard
portion of the blade, the root vortex is generally much weaker and more

diffuse than the tip vortex.

The trailed and shed vorticity of the rotor wake is created in the flow
field as the blades rotate, and then convected with the local velocity of the
fluid. This local velocity consists of the free stream velocity, and the

wake self-induced velocity. The wake 1s transported downward, normal to the
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disk plane, by a combination of the mean wake induced velocity and the free
stream velocity. The wake 1s transported aft of the rotor disk by the inplane
component of the free stream velocity. The self-induced velocity of the wake
also produces substantial distortion of the vortex filaments as they are
convected with the local flow. Thus the wake geometry basically consists of

distorted interlocking helices, one behind each blade, skewed aft in forward
flight.

The strong concentrated tip vortices trailed in helices from each blade
are the dominant feature of the rotor wake. Due to its rotation, a rotor
blade encounters the tip vortex from the preceding blade in both hover and
forward flight. These tip vortices produce a highly nonuniform flow field
through which the blades must pass. In hover the tip vortex is convected
downward only slightly until after it encounters the next blade. The vortex
produces a large variation in the tip loading on the following blade there-
fore, with a substantial influence on the rotor hover performance. In for-
ward flight the rotor wake is convected downstream, so the tip vortices are
swept past the entire rotor disk instead of remaining in the tip region. The
close vortex/blade encounters occur primarily on the sides of the disk, where
the blades sweep over the vortices. The resulting large azimuthal variation
in the induced velocity produces a large higher harmonic content of the blade
loading. Nonuniform inflow is thus an important factor in the vibration,
loads, and noise of the rotor in forward flight. In a tandem helicopter,

the rear rotor also encounters the wake of the front rotor.

For close vortex/blade encounters, the induced loading varies rapidly
along the blade span. Lifting line theory does not give an accurate predic-
tion of such loading. Thus lifting surface theory is required to accurately
estimate the vortex-induced loads on a rotary wing. The most economical
approach is to use lifting line theory with a correction factor for close
vortex/blade encounters, based on a 1lifting surface solution for an infinite
aspect-ratio, nonrotating wing encountering a straight, infinite, constant-
strength free vortex. In the present analysis this correction will be
incorporated as a factor reducing the induced velocity as required to obtain
the correct loading by lifting line theory. Note however that with this

approach the actual blade angle of attack at vortex/blade interactions will
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be larger than calculated for the lifting line theory loading solution.
Direct applicatioﬁ of lifting surface theory to the rotary wing is usually
impractical with current computation techniques and machines. An examination
of measured rotor airloads indicates that the vortex induced loading is
generally high when the blade first encounters a vortex, but decreases as the
blade sweeps over the vortex. There is evidently some phenomenon limiting
the loads (see reference 15 to 17). Local flow separation due to the high
vortex-induced radial pressure gradients on the blade appears at present to
be the most likely explanation for the reduction in loading after the initial
encounter. Bursting of the vortex core induced by the blade is also a possi-
bility. Another possibility is that the vortex interacts with the trailed
wake it induces behind the blade, with the effect of diffusing the circulation
in the vortex. Note that the latter two phenomena, involving a change in the
vortex itself, will also influence the loading if the vortex encounters yet
another blade of the rotor. Following reference 16, the phenomenon limiting
vortex induced loads after the initial encounter will be modelled by increas-
ing the core radius of a segment after it encounters the blade, with upstream
propagation along the vortex to produce the loads reduction. An increase in
core size is a convenient means to reduce the influence of the vortex; the

exact physical explanation for this phenomenon is at present speculative.

A possible model for the tip vortex viscous core is solid body rotation,
which implies that all the vorticity is concentrated within the core radius
r. (defined at the point of maximum tangential velocity). Measured vortex
velocity distributions show that the maximum tangential velocity is much less
than T/27 L implying that a substantial fraction of the vorticity is out-~

side the core radius. Reference 16 suggests using a circulation distribution

¥y =

based on measured velocity distributions of vortices from nonrotating wings;

the corresponding vorticity distribution is
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where r 1is the distance from the vortex line. In this case half the
vorticity is outside the core radius. Along a line at right angles to the
vortex and a distance h above it (as in a blade/vortex intersection), this

vorticity distribution produces a downwash with peak value

r1
Ve = 4w Eaet

a distance \fhz + rz elther side of the Intersection; compared to W oax
= T/47h at a distance h from the intersection for a vortex with no core.
(Note that as far as the downwash velocity is concerned, this core effect is
equivalent to moving the vortex away from the biade, to an effective distance
he =,{h2 + ri; such a simple interpretation will be useful in the lifting
surface correction.) The peak tangential velocity with this vorticity
distribution is T/é4n L half the value obtained with all the vorticity

concentrated within the core radius.

The rotor wake induced velocity is calculated by integrating the
Biot-Savart law over the vortex elements in the rotor wake. The wake
strengtﬁ is determined by the radial and azimuthal variation of the bound
circulation. For the wake geometry a simple assumed model, experimental
measurements, or a calculated geometry can be used. With the helical geometry
of the rotary wing wake, it is not possible to analytically evaluate the
induced velocity, even if the self-induced distortion of the wake is neglected.
A direct numerical integration of the Biot-Savart law is not satisfactory
either, because the large variations in the induced velocity at close vortex/
blade encounters requires a small integration step size for accurate results.
It is most accurate and most efficient to calculate the rotor monuniform
inflow with the wake modelled using a set of discrete vortex elements. For

each vortex element in the wake the induced velocity at a point in the flow
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field is evaluated by an analytical expression, and the total induced velocity
is obtained by trimming contributions from all elements. The tip vortex is
well represented by a connected series of straight-line vortex segments. The
inboard trailed and shed vorticity can be modelled using rectangular vortex
sheets, or a lattice of discrete straight-line vortex segments (with a large
effective core to limit the induced velocity close to individual line seg-
ments). A large core vortex line element might in some cases be a better
model than a sheet for the inboard trailing vorticity, if the inboard wake
has partially rolled up to form a root vortex. The inboard wake 1is less
important to the nonuniform inflow calculation than the tip vortices, so a
more approximate model may be used. The approximations involved in modelling
the rotor wake using a set of discrete vortex elements include replacing the
curvilinear geometry by a series of straight-line or planar segments; a
simplified distribution of vorticity over the individual wake elements
(linear variation, or even constant strength) ; and perhaps physical approxi-
mations such as the use of line elements to represent the inboard vortex
sheet. The development of a practical model involves a balance between the

accuracy and efficiency resulting from such approximations.

3.1.2 Wake model.- The blade bound circulation will be calculated at
discrete points on the rotor disk radially and azimuthally. Assuming a
linear variation of the bound circulation between these known points results
in a wake model consisting of vortex sheet panels (see fig. 14). Assume that
the blade bound circulation TI(r, y) is given at the radial stations
T, (1 =1 to M and at the azimuthal stations wj =3j0y (3 =1 to J,

Ay = 21/J). Let ¢ be the age of vortex elements in the wake (¢k = kay,

k =0 to ). The strength of the trailed and shed vorticity of a wake element
is determined by the bound circulation of the blade at the time the vorticity
was created. Consider a wake panel of age ¢ = ¢k to ¢k+1’ arising from the
blade between radial stations T, and T4 (fig. 15). The strength of the
vorticity in this panel is determined by the bound circulation at the time

it was created, which is known at the four corners. The bound circulation
corresponding to the panel leading edge is that at time ¢ - ¢k’ where ¢ is
the current blade position (dimensionless time) and ¢k = kAy 1is the age

of the panel at the leading edge. The bound circulation corresponding to the
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panel trailing edge is that at y - ¢k+1’ 5y earlier than the leading edge.

The difference between the bound circulation at r, and T defines the
trailed vorticity strength &, which is constant radially along the panel
assuming a linear variation of the bound circulation from ry to ri+l' When

the bound circulation varies azimuthally however the trailed vorticity
strength ¢ d1s different at the panel leading and trailing edges; a linear
variation of & in the direction of the trailed vorticity will be used.
Similarly, the difference between the bound circulation at V - ¢k and

Yy - ¢k+1 defines the shed vorticity strength vy, which is constant azimuth-
ally along the panel (for a linear azimuthal variation of the bound circula-

tion) but varies linearly from the left to the right panel edges.

A vortex sheet panel in the wake may be economically approximated by
shed and trailed line vortices located in the middle of the panel, with a
large core to avoid the induced velocity singularity near a vortex line. A
vortex lattice model of the rotor wake is produced by collapsing all the
wake panels to such finite strength line segments. Since the line segments
are in the center of the sheets, the points at which the induced velocity
and bound circulation are evaluated lie at the midpoints of the vortex
lattice grid, both radially and azimuthally. Positioning the collocation
points midway between the trailed vortex elements (radially) is a standard
practice of wing theory utilizing the vortex lattice wake model, in order to
avoild the singularities at the lines; positioning the collocation points mid-
way azimuthally is required to correctly obtain the unsteady aerodynamic
effects of the shed wake (see ref. 18). Simply collapsing the shed and
trailed vorticity in the wake panels to lines, the strength of the line seg-
ments will vary along their length as described above. The shed and trailed
line segments will cross in the middle of the panel. As a further approxima-
tion, a stepped (piecewise constant) variation of strength can be used
instead of the linear variation, with the jump in strength occuring at the
center of the segment where it crosses the other vortex line. Such a vortex
lattice wake model with constant strength line segments corresponds to a
stepped distribution of the blade bound circulation, azimuthally and radially
(with the jumps occuring midway between the points where the circulation is

evaluated.)
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.The rotor vortex wake quickly rolls up at the outer edge to form a
concentrated tip vortex. Because of the dominant role of the tip vortex in
the wake flow field, it is important to model these rolled up tip vortices in
the induced velocity calculation. The lesser role of the inboard wake vortic-
ity also allows a more approximate model to be used for it. Let Tmax(w) be
the radial maximum of the blade bound circulation. It is assumed that in the
far wake, where the rollup process is complete, that all of the bound circula-
tion rmax is concentrated in the tip vortex. The tip vortex will be
modelled by a vortex line segment with a small but finite core radius. When
Fmax varies azimuthally, the tip vortex strength varies along its length.
Furthermore, the inboard portion of the wake will be modelled by a single
sheet panel, with trailed and shed vorticity as described above. This far
wake model may be viewed as corresponding to the circulation distribution
sketched in figure 16. The linear variation from I = 0 at the root to
I = rmax at the tip defines the single inboard sheet, and the sharp drop
from Fmax to zero at the tip defines the tip vortex line. (This circula-
tion distribution should not be associated with the actual bound circulation
at the rotor blade. Rather it is an approximation for the vorticity distribu-
tion in the far wake, which is determined by the rollup process. Since an
analysis of the rollup is not attempted here, the actual vorticity distribu-
tion over the inboard sheet is not known. An approximation involving constant
-strength determined by the known maximum bound circulation is appropriate
therefore.) This far wake model is computationally efficient, since it

depends only on the maximum bound circulation rmax'

The rollup process may not be complete by the time the tip vortex
encounters the following blade. The induced loads will be significantly
lower if the tip vortex has strength less than the maximum bound circulation.
Therefore the tip vortex rollup must be included in the wake model. Figure 16
sketches the radial circulation distribution assumed, which produces the
model for the rolling up wake. The circulation goes from zero at the root
to rmax at radial station Tops to fRU rmax at the tip. Thus there is a
line tip vortex of strength fRU rmax’ and two Inboard wake panels. The
rollup process will take place over the wake from $ =0 to ¢ = ¢RU' The

position of the maximum circulation and the rollup fraction will vary linearly
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Figure 16. Equivalent circulation distribution for models

of far wake, rolling up wake, and near wake.
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from Tou and fRU at ¢ =0tor=1and f=1 at ¢ = ¢ An analysis

RU*
of the rollup process is not part of the present work, so the parameters

¢
Note that tue velocity induced by the rolling up wake will also depend only

RU? rRU’ anq fRU will be prescribed inputs to the calculation procedure.

on the single bound circulation value max’

Just behind the reference blade, where the induced velocity is being
calculated, it is the detailed radial and azimuthal variation of the wake
vorticity which is important, not the rollup process (except for the influence
of the rollup on the tip loads). Hence for the near wake of the reference
blade the full vortex panel representation is retained. The corresponding
radial distribution of the circulation is also sketched in figure 16 for the
near wake; in this case it is the actual blade bound circulation distribution.
The tip vortex rollup is often partially complete at the blade trailing edge,
so a line vortex at the tip is included, with strength equal to a fraction
wa of the calculated bound circulation at the most outboard radial station.

-he complete model of the rotor wake is shown in figure 17.

The very first panels of the near wake require special consideration.
In order to correctly calculate the unsteady aerodynamic effects, the shed
wake is stopped a quarter chord behind the bound vortex (ref. 19). The
singularity near the side edges of the trailed vortex sheets presents a
difficulty in calculating the induced velocity at a point due to the immedi-
ately adjacent panels. Thus if the induced velocity is to be calculated near
a junction between two panels, they should be replaced by one panel with the
collocation point well away from the edges of the single panel. This diffi-
culty can be also avoided by using line vortex elements for the trailed
vorticity in the near wake, or by moving the panel side edge away from the
collocation point. Finally, the front edges of the individual panels should
all be aligned with the bound vortex.

When calculating the induced velocity at points off the rotor blade, as
at another rotor or for the airframe aerodynamics, the near wake model need
not be used. Often calculating the induced velocity away from the rotor will

require a consideration of more wake spirals than are needed for points on the
rotor disk.
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For computing the induced velocity, the tip vortices will be represented
by a connected series of straight vortex line segments, with a small viscous
core radius. Normally a linear variation of ‘the strength along each segment
will be used; a plecewise constant variation corresponding to a stepped bound
circulation distribution is also possible. The inboard wake panels will be
represented by planar, rectangular vortex sheets, with shed and trailed
vorticity varying linearly along its length. For computational economy, the
vortex sheets can be replaced by line segments in the middle of the sheets,
with a large core radius (which in this case does not have physical signifi-
cance, rather a viscous core is a convenient means for eliminating the
singularity near a line used to represent a sheet element; unless the inboard
trailed vorticity does rollup to form a diffuse root vortex). If the induced
velocity is to be calculated near the side edge of a vortex sheet element, it

can be replaced by a line element in order to avoid the edge velocity singu-

larity.

3.1.3 Geometry.~ A nonrotating tip path plane coordinate frame with
origin at the rotor hub will be used for the induced velocity calculation.
The solution process will iterate between the induced velocity calculation,
and the harmonic blade motion and helicopter trim solution (using uniform
inflow to start the cycle). Thus the hub plane orientation (S system) will
be updated based on a new induced velocity estimate. In contrast, the tip
path plane orientation is well defined by the helicopter or rotor trim, hence
is less sensitive to changes in the induced velocity estimate. Also, the
Totor wake geometry is simplest when defined relative to the tip path plane.
The tip path plane tilt relative to the hub plane is given by the first
harmonics of the tip deflection Zop = @G + iqi 'fa T']‘i(l):

(Sc
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The rotation matrix

Rre

It
0
o

w

will transform position and velocity vectors from the shaft axes (S system)

to the tip path plane axes (T system).

The induced velocity is required at the radial stations r along the
rotor blade. The radial stations at which the induced velocity and bound
circulation are evaluated will each be a subset of the blade loading radial

stations, but the two sets need not be identical. From section 2.2.4, the
postion vector of the rotor blade is

-

I

Te [~ wen + - Ieay — 0 — g - (%5‘?.~x§?33
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+ % [ 2m = cr—mO feay (Bt + T (22— k)]
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Transforming to the tip path plane (neglecting second order terms) gives
then

Vo= 2y e (- Seay —o0p T (202 xR cens¥y
+3\_‘, %_ Ra™y L—‘A;‘ 3 (c— ‘-?A) éGAJ - Ns -fg' (%ex? —\,i)] +¢$\~\\v}

Xy S;%ﬂ — (C=R D Sen, + “ (Geo+ea)) + To- (22-xB)
— (B eV -+ Qs D }

-—d
The induced velocity is to be evaluated at the points rb(rn) along the
rotor blade. It is useful in the computation of '?; to have the option to
suppress the inplane deflection, to suppress all harmonics except the mean,

or to linearly interpolate the geometry between the root and the tip.

The wake induced velocity is also required at points in the flow field
.Ef the rotor disk:

a. at the wing/body, horizontal tail, and vertical tail for the rotor/

airframe aerodynamic interference;

b. at the other rotor hub for rotor/rotor aerodynamic interference;
c. at an arbitrary point in the flow field;

d. and at the reference blade of the other rotor, for detailed rotor/

rotor aerodynamic interference.

For the first two, only the mean value of the induced velocity will be used
in the present analysis. The induced velocity distribution over the disk of
the other rotor can be used in the present analysis only if the two rotors
have the same rotational speed (see section 5.1.11); so for the single main
rotor and tail rotor configuration the rotor/rotor interference can be
accounted for only in terms of the induced velocity at the rotor hub. The

position vector of the wing/body is
-
e'rs Ree (~rk ""?\.\.g)

Ry



where ?; and ?;B are the position of the rotor hub and the wing/body center
of action, in the body axes (F system). The vectors for the horizontal tail,
vertical tail, and other rotor hub are similar. For the induced velocity of
rotor #2, these vectors must be multiplied by Rl/R2' For the induced

velocity at the disk of rotor #2 due to the wake of rotor #1, the position

vector is

-

— = S
21 = C(Rusfye -hrnh[.—r‘,' + ez

-+ - :
+ % (Rys asFan*,_ ‘o, (g ;‘"*szn\]

= -
= Tortar -+ EiZJ r;,z<'r;hz )‘*"*'lsﬁrzu\B

wheare Ale is the azimuth angle of the reference blade of rotor #2 when
Y = 0 for rotor #1 (see section 5.1.5) and

v E; coNe
Rz| = ( ET‘SESFBm‘_ (R'rs E‘Aow el

4ol Tae cOYO

The position vector for the induced velocity at the disk of rotor #1 due to
the wake of rotor #2 is

= — 2. 3 - -3
Va2 = 'é': Ca'l'! eSF Y 33 ["‘-gz +

o

+ R R g ~acdk | F:a (Say W-A\PZ‘\]

_ 2
=  Yotvar -+ Rz\ #b.((vh )"V~¢.‘VL.\

If the rotor rotates clockwise it is necessary to change the sign of the j;

- . .
component of r (between the RTS and R rotation matrices).

SF
The geometry of the tip vortex behind the reference blade will be defined

-
by the vector r. (Y, ¢), where Yy 1is the present azimuth angle of the blade

and ¢ is the age of the vortex element. The wake geometry is required at
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the discrete azimuth positions wg = 2A¢Y and wake ages ¢k = kAy, where £
ranges from 1 to J (one revolution of the blade, with Ay = 2%/J) and k
ranges from zero to the specified number of wake spirals for the induced
velocity caiculation. The tip vortex geometry behind the other blades of
the rotor can be obtained for -;; at the appropriate azimuth angle. The
tip vortex elements are created at the blade tip (?; at radial station

r = 1), convected with the free stream velocity }:, and distorted by the
self-induced velocity in the wake. The rotation of the wing together with
convection by the free stream velocity produces the basic helical geometry
of the rotor wake. As at the rotor disk, the induced velocity throughout
the wake is highly nonuniform. The actual position of the wake elements,
determined by the integral of the local convection velocity, 1s thus highly

distorted from the basic helical form. The resulting wake geometry is

T, ) = ﬁ(w—¢§+¢? + B (%, ¢\

)
where D(y, ¢) is the distortion due to the wake self-induced velocity (note

Y
D(y, 0) = 0) and the free stream convection velocity is

N e Mn — Qe pMa
,’A = aaTs "U“1r = ’jf‘a -_ @54Fi5
e ~Mz T Bepn + (s pe

relative to the tip path plane.

Similarly the geometry of the inboard wake sheet will be defined at the

root and tip edges, trailing from the blade position ';;

r = YROOT and r = 1 respectively. The distortion 'E? will be different for

at radial stations

the tip vortex and the inboard sheet. Because of the dominant role of the

tip vortices, the most important information in the wake geometry is the tip

-146-



vortex position, and a less accurate definition of the inboard sheet geometry

is ofteh acceptable.

The induced velocity calculation may require the wake geometry beyond the
point where the stored distortion ends. For this portion of the wake rigid
geometry will be used. Consider the distortion Tiﬂh $) when the age ¢ is
greater than the age of the last element in the known distortion, ¢1ast
= chAw. The wake geometry will be extrapolated from ¢last to ¢, using

only vertical convection due to the mean induced velocity:

-S (M ) = Tg("’- (4 - $oust) 3 4’:.33 — (‘b"‘*&;t\kzt

Note that the azimuth angle of the blade at the time the wake element was

created, Y -~ ¢, has been held constant.

For the self-induced distortion of the rotor wake geometry, the following

models are considered:
a. rigid or prescribed wake, with contraction and two-stage convection;
b. and a calculated free wake geometry (section 3.2).

In the rigid wake geometry it is assumed that all elements in the wake are

convected downward by the mean induced velocity at the rotor disk, giving
A °
D = N
Dz

relative to the tip péth plane, where

by = — 4

Note that this distortion is independent of the azimuth angle Y. The con-
vection velocity Ai is the mean induced velocity at the rotor disk, includ-
ing ground effect and rotor/rotor interference in general. This model can be

generalized to a two-stage convection:
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—X. ¢ $ ¢ X

t> ~N
a = 2 , - i
N k(-3 $> 22

with
K, =
Ky = §, %N

determined by the constants fl and f2. To improve convergence,

A= 1/2 (Xi + Xold) should be used in place of Xi. Including contraction
of the wake gives for the distortion

D coolly —¢)
= B T (W—o)
Da

T

where the radial displacement (also independent of ) is

Ne = ‘—(l"’e—-k;*>(l"’K“\‘~;

(ri =1 for the tip vortex and the outside edge of the inboard sheet, and
T = TpooT for the inside edge.) Hence the rigid wake geometry is determined
by the parameters fl’ f2, K3, and K4’ which may be different for the tip
vortex and inboard sheet. Alternatively, the constants Kl and K2 can be
specified, instead of fl and f2'

Landgrebe (ref. 20) developed a prescribed wake geometry model for a
hovering rotor from experimental model rotor flow visualization data. The
model consists of contraction and two-stage convection as defined above, with

the constants as follows:
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a. tip vortex

I

K,
K

.ZS‘(Cf}r - ool G-h,,,)

Cr =+ ol ) Jr

b. sheet tip edge

k,| = \|.56 J Cr
K, = o

c. sheet root edge

K,

o

I\

Kz.. = — (.o02¥% e:,,, -+ -o‘ﬁeN\JC.,_

d. radial contraction

*LL+ = --]S?

where 6 is here the blade linear twist rate in degrees. Kocurek and

Tangler (ref. 21) revised the tip vortex geometry based on experimental data
for low aspect-ratio two-bladed rotors, obtaining

K,= B + ¢ (S&/N"Y

4
K, = [er - N (=B 1%
Ky = 4.0 Jr
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with

R = . 009 723 4w

C — 2-3 S -20(9 BM
™ = 2O — .25 ELf“+i’-'

ww = 0.8 — 0172 Oy

In reference 22 it was found that the prediction of measured rotor hover
performance was improved when the wake geometry was prescribed based on the

blade maximum bound circulation rather than CT as above. Hence

NV

' =
Al 2~

can be used in place of CT; in general rmax must be averaged over Y as
well. These prescribed wake models were developed for a hovering rotor. To

apply them in more general flight conditions we can use

with Ai the mean induced velocity including ground effect and rotor/rotor
interference (the blade loading CT/O is retained.)

The wake geometry arrays will be organized as follows. The rigid or
prescribed wake geometry is defined by Dz and Dr at ¢ = kAY, k = 1 to KRWG

(independent of ). So the structure of the array is

Dk), for k=1 to KRWG

for Dz and Dr’ for the tip vortex and the two inboard sheet edges. The
convection rate K2 is also required, for extrapolation of the geometry

-—d
beyond ¢ = Ay. The free wake geometry is defined by D(y, ¢). The first
WG
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subscript in the array will be the age ¢ = kAYy for k =1 to KFRG; the

second subscript will be the blade azimuth angle LY, 2 =1 to J. So

the structure of the array is

B(n), n= (8- 1)Kotk for ((k=1toKy ), R=1 t04J)

The free wake geometry will be used for the tip vortex only (see section 3.2).

In the near wake and the rolling up wake, the position of a panel corner

at an arbitrary radial station p is required (r < p<1). Linear

ROOT
interpolation between the root and tip edges of the inboard sheet gives

- —
2 = Seea G-0) o Tary (3 Ckwr

| J—

(besr

The geometry of the near wake panels should include the increment

-

Y, - O (1= )
Av = ?“b(s)\\a\_ T-\"(v“"“’)wﬁ(\ 334— b() (% Ceoor

I~ ‘Eodﬂ'

to account for the blade bending (the variation with wake age is neglected).

The first panels of the near wake are aligned with the bound vortex. Let
?; and ?; be the position vectors of the right and left front corners of a

-
near wake panel, obtained from the wake geometry at ¢ = 0. Let '?E and r,

be the position vectors of the right and left rear corners, obtained from the
wake geometry at ¢ = Ay, Then a rectangular panel aligned with the bound

-~
vortex is obtained if r

- -
2 and.?z are replaced by r, + AT and T, + AT

1 3
respectively where

- o, - - =2
= - .
| IR-5* =
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For the shed vorticity in these first panels, the front corners are also

moved aft by a quarter chord, which is accomplished by adding

AT = & AT
S 4 a7

-l -
to '?1 and s with Ar given above. The blade chord at the induced velocity

radial station will be used; and the shed wake panel will be omitted entirely
if c/4 > |AT].

That portion of the first tip vortex segment extending from the bound
vortex to the trailing edge (a length 3c/4) should be perpendicular to the
bound vortex. Let ?1 and ;; be the position vectors of the vortex segment
end points, at the blade tip and at the first downstream point respectively.
Let ?g be the position vector of the first blade point inboard of the tip.

Then this line vortex segment will be replaced by two segments extending from
— .

r1 to . A
" =) 3¢ A¢
o YaRy

-
and from there to r2, where
-t - -
AT = CCEHFIRRED) x (5=
- - - - -
= C'fi -'<1 .) ('fh "c;Q)' ('cg"‘:.ﬁ

- - -
——-( cs__?%~3 (_?;._.i% T)o ('rz —~<: t)

and ¢ is the tip chord. Constant strength will be assumed for the portion
from the bound vortex to the trailing edge.

3.1.4 Induced velocity caleulation.- The blade bound circulation is

calculated at discrete points on the rotor disk: Fij = F(ri, wj). The solu-

tion is periodic, so the azimuthal points cover one revolution of the blade:
wj =3JM for j =1 toJ (AY = 2m/J). The radial stations T, (i=1¢toM
will be a subset of the aerodynamic loading radial stations. Except for the
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near wake, the vorticity strength in the present wake model actually depends
only on the maximum circulation Tj, defined as the value of Fij with maxi-
mum magnitude over all radial statioms r, at a given azimuth wj (the
computation will allow the use of the maximum over the radial stations out-

).

board of station r
Gmax

Summing the contributions from all vortex elements in the wake gives
the induced velocity as the product of the blade bound circulation and

influence coefficients:

= — 3 M N
a:l anj—K"w L=\ a b

The second term is due to the near wake (extending from ¢ = 0 to ¢ = KNwAw
behind the reference blade at azimuth angle Y = LAy). A set of influence
coefficients is obtained for each point in the flow field at which the

induced velocity is calculated: at points distributed radially and azimuthally
over the rotor disk, and at points off the rotor disk (see section 3.1.3).

The influence coefficient arrays will be organized as follows. Consider
?%(?3; the first subscript is the index due the azimuth angle of the bound
circulation ( j= 1 to J). The second subscript is the index over all the

field points ?‘ at a given azimuth angle (k = 1 to MR). The third subscript
is the index over the azimuth angle of the field points (£ = 1 to J). So the

structure of the array is

™An), n= N-1)*MR*J + (k-1)*J + ]

for (((j=1t J), k=11t MR), =1 to J)

The field points at a given azimuth angle w‘ consist of the induced velocity
points along the rotor blade span; perhaps the induced velocity points along
the blade of the other rotor, or at the hub of the other rotor; and perhaps
the points at the wing/body, horizontal tail, vertical tail, or an arbitrary
field point. The organization of the array for the near wake influence coef-

-
ficients Cij (?5 is similar, except there is an additional subscript which
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is the index over the circulation radial stations (i =1 to M), and the index

over the azimuth aﬁgle of the bound circulation covers only the near wake

(G=1%- K to L)

Twln)y n= (N 1) %R (K + 1) *H 4 (k= 1) % (K, +1) * 1
+(j-i+Km)*M+i

for ((((1=1+toM), 5=Q8-K, toR), k=1 tom),
=1t J)
Also, for the near wake the field points at a given azimuth station consist

of only the induced velocity points along the rotor blade span (no points off
the rotor disk).

The calculation of the influence coefficients proceeds as follows. The
outermost loop involves the dimensionless time ¥, which is also the azimuth
angle of the reference blade. The solution is periodic so the induced velocity
is evaluated for Y = 0 to 21 (at the discrete points =2y, L =1 to J,

&p = 2w/J). For a given Y, the position vectors at which the induced
velocity is required can be evaluated: at the radial stations along the
reference blade; at the wing/body, horizontal tail, vertical tail, other

rotor hub, or an arbitrary point; and at the radial stations along the

reference blade of the other rotor.

Next there is a loop over all the blades of the rotor (m = 0 to N-1;
m = 0 is the reference blade). The azimuth angle of the m-th blade is
wm =y +m21/N = (L + mJ/N)AY. Finally there is a loop over the wake age
¢ = kAY (k = 0 to the maximum extent of the far wake, which may be different

when calculating the velocity at points on or off the rotor disk).

The blade specification plus the wake age determines the vortex panel
being considered, extending from ¢ to ¢ + Ay behind the m-th blade. Given
wm aqd ¢, the position vectors of this wake panel can be evaluated: the
end points of the tip vortex line segment, and the four cormers of the
inboard sheet (at the side edges, as described in section 3.1.3). The wake
strength at the panel leading edge is determined by the bound circulation

at wm - ¢, and the strength at the trailing edge by the bound circulation
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at wm - ¢ - AY. These azimuth angles define to which influence coefficients

the induced velocity of this panel contributes.

The wake age determines whether the panel considered is part of the near
wake, the rolling up wake, or the far wake models (as described in section
3.1.2). The near wake model is only used behind the reference blade (m = 0).
The near way is not used in calculating the velocity at points off the rotor
disk.

The far wake model consists of a tip vortex line segment and a single
inboard wake panel. The line segment has strength rmax' The sheet is due to
a circulation distribution linear from zero at the inside edge to Fmax at
the outside edge. The induced velocity expressions for a line segment and a
rectangular vortex sheet then give the contributions to the influence coef-

ficients.

The rolling up wake model consists of a tip vortex line segment of

strength fT » where
max
% - %Ru - 0= (Sau\ <4/4’ku3
and an inboard wake sheet divided into two panels at radial station

S — ('eu -_— Cl—’reu\ (¢/¢RO\\

Linear interpolation between the side edges glves the wake geometry at p.

The circulation corresponding to these panels goes from zero at the inside

edge, to T at p, to fT at the outside edge. The induced velocity
max max

expressions for these vortex elements then give the contributions te the

influence coefficients.

The near wake model consists of a tip vortex line segment of strength

f (where T, is the bound circulation at the most outboard radial

T, .
NW "Mj Mj
station); and separate inboard wake panels between the bound circulation
radial stations. Linear interpolation between the side edges gives the wake
geometry at ri (i =1 toM). An increment accounting for the blade bending

must also be added to the position vectors in the near wake. The circulation
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corresponding to these panels goes from zero at the inside edge, to Fij at
To» to wa er at the outside edge. The induced velocity expressions for

these vortex elements then give the contributions to the influence coefficients.

The inboard wake panels in the near wake directly behind the blade
(¢ = 0 to AY) require special consideration (see section 3.1.2). First, the
position vectors at the rear corners of each element are adjusted so the
front edge of the rectangular vortex sheet is exactly aligned with the bound
vortex. When evaluating the induced velocity near the junction of two trail-
ing vorticity sheets, they can be replaced by a single sheet. The leading
edges of the shed vorticity sheets must be moved a quarter chord behind the
bound vortex. However, if line segments rather than rectangular vortex sheets

are used for the trailing or shed wake, the above modifications are not

required.

Finally, the contribution of the bound vortex of each blade is calculated.
The bound vortex is a straight line segment extending from the root to the
tip of the blade at azimuth angle wm’ with strength varying from zero at the
root to rmax at the tip. The contribution of the bound vortex of the

reference blade to the induced velocity at the reference blade is not
included.

By this procedure the influence coefficients are calculated for a given
wake geometry. Then from a circulation estimate at some stage in the blade
motion and helicopter trim solution, the induced velocity ¥ can be evaluated.
The vector ﬁ? is at the induced velocity radial station, in the tip path

plane coordinate frame. The aerodynamic analysis requires the induced velocity

at the loads radial statioﬁs, in the hub plane coordinate frame

-3 S -
(A = Axls - ij; - Azks). Transforming to the S system gives

E**
— % = R~V

— N2

_156_



using the current values of the tip path plane tilt angles (BC and BS). The
induced velocity is then calculated at the loads radial stations by linear

interpolation.

The induced velocity for the rotor/airframe aerodynamic interference (at
the wing/body, horizontal tail, vertical tail, or an arbitrary point) is

required in the body axis system (the F frame):

Ny _
K’;‘a - (K‘rs Ksc} v

For the induced velocity from rotor #2, a factor QRZ/QRl is required as
well. The induced velocity for the rotor/rotor interference (at the hub or
over the disk) is required in the shaft axis system of the other rotor. The

interference velocity at rotor #2 due to the loading of rotor #1 is then

and at rotor #1 due to rotor #2

\x < -\;\U?_
_—\va _ mz C %F\mhﬁ'&l (RTSRSADW*Z
Sek
— Nz vz

These coordinate rotations normally should not be included in the influence
coefficients because the updated values of the tip path plane tilt angles are
to be used in the matrix RTS (although the rotation of the induced velocity
by the small angles BC and BS should not be important). The factor QRl/QR2

can be incorporated in the influence coefficients however. For a clockwise
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rotating rotor, the sign of the j: component of the induced velocity must
be chahged (between the RTS and RSF rotation matrices).

The interference induced velocity due to rotor #1 is calculated at
rotor #2 for the azimuth angles ¢ = LAY + Aw21 (2 =1 to J). When Ale £0
it will be necessary to linearly interpolate the velocity to the azimuth
angles Yy = kAY (k =1 to J). Similarly, the induced velocity due to rotor #2
at rotor #1 must be interpolated from Y = WY - Aw21 to Y = kAy. The
velocity moved off the rotor disk by rotor #2 is also calculated for

Y= LAY - Aw21, and must be interpolated to Y = kAy.

3.1.5 Ground effect.- Ground effect can be included in the nonuniform
induced velocity calculation by introducing an image element for every
vortex element in the rotor wake. The.image element position is obtained
by reflecting the actual wake element position about the ground plane, and
changing the sign of the vorticity. Let Z,GL be the distance the rotor
hub is above the ground (see section 2.4.3). The position of the image element
is required in the tip path plane axes relative to the hub. First the posi-
tion vector of the actual element is rotated to earth axes; then the origin
is shifted to the gfound, the sign of the .§; Component is changed, and the
origin is shifted back to the hub; finally the vector is rotated back to the
tip path plane axes:

—

"im.ug. = Reg [ZAC»L ke o (2t + }‘f__gﬁ -tfﬂ(-z“,_?t + KT‘_?)]
= Ree [ 2% % + (Pt + 23 ~Febe)Rme 7 ]

where

R'vz = R"S (a.w EF=E

The induced velocity of the vortex element is calculated, and subtracted from
the induced velocity contribution of the actual element. The actual element

is below the ground plane if

—fl'-.' (R-‘:'E%B > ZaeL
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(This can occur if the wake geometry does not allow for ground effect.) In

this case the induced velocity contributions of both the actual element and

its image are set to zero.

3.1.6 Hover or vertical flight (axisymmetric geometry).- The nonuniform
inflow calculation can be simplified in hecver dde to the axisymmetry of the
wake geometry. For the hover case the influence coefficients will be the
same for the induced velocity at all azimuth angles, except for an azimuth

shift and axis rotation:

» -
chH(W-A)  —Smy—a¥) o

— _ _ N
Cd: (=32 = f ()~ AY) Cas (- AW ° Cé-i.u (w=ﬂ%

Even in hover the rotor may have a net pitch or roll moment if the center of
gravity is offset from the shaft (with offset hinges or a hingeless rotor).
Hence in general the hover case will not involve induced velocity and bound
circulation independent of azimuth angle. These considerations apply to the

general vertical flight case as well,

An accurate calculation of the induced velocity of a rotor in axial
flight usually requires consideration of the wake very far from the rotor
disk. The detailed wake model described above is required only close to the
disk however. Very far from the disk a more approximate and more efficient
model will be used, obtained by spreading the vorticity vertically over the
distance h between successive sheets, as sketched in figure 18. The axial

convection velocity in the far wake is taken from the prescribed wake model:

v o= —-ﬁ./‘_"ﬂ(’ + (kz\-ﬁ—'\e vorTax

giving for the spiral axial spacing

«Qaz‘wav
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Figure 18. Far wake model for hover or vertical flight.
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The tip vortex elements are spread vertically to form a vortex sheet with
axial and spiral components. There is a corresponding axial root vortex from
the inboard trailing vorticity. The shed vorticity is spread vertically to
form a vortex sheet. This wake model extends L turns (an axial distance Lh)

beyond the last spiral of the detailed wake model from each blade.

The influence coefficients of this very far wake model are calculated as
follows. For a panel in the last spiral in the wake, the geometry is
specified by the location of the ends of the tip vortex line segment, and the
corners of the inboard panel. The wake strength is determined by the bound

circulation corresponding to the panel leading and tralling edges:

Y; - ‘lu‘*,<~+;ﬂ ".4’;75

N = T (= by — 2%

The geometry of the sheet vorticity on the wake boundary is obtained from

—

-
the position of the tip vortex segment, Ty and Tl (vectors to the segment

ends). The vectors to the sheet vector are then

T o= % — &%
2 = 2 — L&x
?; = T — ;L“ﬁi_..?-"'i'ﬁ
2 = § - LaX

The induced velocity of the tip axial vorticity is given by the trailed sheet

vorticity solution with

wos

1

h
)

I
l
Ff7 gr1

fﬁz = Yy



(see section 3.1.8). The induced velocity of the tip spiral vorticity is
given by the shed sheet vorticity solution with

N v
ffL = ©
T'} = LV,
f]* = o

Let Ta_and ?2 be the position vectors of the inboard wake panel (the inside
and outside edges respectively, at ¢k + A¢/2). Then the vectors to the

inboard shed vortex sheet are:

-

& = B - 18X

T, = & - La®

S = & —¥RT +BIRX
"(A“ = ?'; — L&-ﬁ

and the induced velocity is given by the shed sheet vorticity with

n = Lk
rz_ = L‘r;.-t-l
§ = L&

N = L T

(see section 3.1.8). Finally, the vectors to the ends of the root axial

vortex are
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3 = BER — 3%

and the induced velocity is given by the line vortex solution with

Vo= \-z = rv."‘-;.-»,\

(see section 3.1.7).

3.1.7 Finite length vortex line element.- Consider a straight vortex
line segment of length s, as shown in figure 19. The vortex segment has

linearly varying circulation, between Tl and Fz at the end points (Pl is

the circulation at ¢ and F2 is the circulation at ¢ + Ay). The induced

velocity is required at the point P, defined by the position vectors '?; and
—_ —
I, from the ends of the segment. The vectors ?1 and r, can be in any con-

venient coordinate frame; the components of the induced velocity will be

obtained in the same coordinate frame. The Biot-Savart law gives the induced

velocity due to this line segment:

=2 =
A_v_\ _ _ e % ‘_' T x Av-
- 4% 3

- - .

where r is the vector from the element do on the segment, to the point P;
N

and r = lr L The coordinate o 1is measured along the vortex segment, from

s, to s

1 2° N -
-G —6
S, = =
T - S
= S G - 5 45
gl - < :

where s is the length of the segment:
-
<

‘; - A T -—) -
z

—
st = 1 —



Figure 19. Finite length vortex line element,
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- -
r T

-—
m 03, where rm is the minimum distance from the vortex line

Write
(including its extension beyond the end points of the segment) to the point
A
P, and e 1is the unit vector in the direction of the vortex:
. T = A - 2 = a -3 -
™ = =
st 3

A
e

Y ~
The vectors T and e are perpendicular, and

2 2 -2 2 -\._3
Cn 87 = ot — (68D

" The vortex strength varies linearly along the segment:
r Cls = + G (=5 _ r.Sz-rzSn_._ -4
= — - 3 S
S : O

It follows that

- C c
+ «\s
AV = S*% Sl e S
s L (‘—:4-'1)
= *"z. Cwesel — T ] \‘-:sz
(r,:--c-c-z)\‘z' o =S
LY
= TrxG Sz _ S, 3 2 /L _
Livr SOE G <“r- c, /T Tl <"z_ r|\

|

;: Sz r,} L -\-3

Adwes Xk L g ( ) *—;(Q-ﬁz
A

e%%ﬁ-‘.—--‘:—a%;:(é-a}]
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for the induced velocity of the vortex line segment with linearly varying

circulation,

Consider also the induced velocity of a line vortex segment with a
stepped circulation distribution. The distance from the midpoint of the
segment to the point P is

—_ A
r‘z

e 3 -
c + rz,f)
and the midpoint is located at

= - 2
Sg = 1% ('S| -F'Sz;) - 53; ('ri -—“‘l.\)

The line segment has constant strength T from s, to Sq» and constant

1
strength Fz from S, to 8,e Applying the above result (with Ts = 0) to
both values of the line segment gives
P - 1 - -
‘53? = V. x5 r— <\ - .\5 -+ CS"CZ - EEH_ S$3
4w (s)DCE “ aw (DL T\ 9

]

Y *‘- -— El fﬁ - §2
L g rz [- { jz + ri 2 ‘5i§ ix

The influence of the vortex core is accounted for by multiplying the
induced velocity of the line segment by the factor

M <’C:i,/'23' 5 b .T>

for concentrated vorticity (solid body rotation) or by

o
r,:‘ -y c.g_z
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for distributed vorticity (from ref. 16). The core radius r, is the loca-

tion of the maximum tangential velocity.

In references 23 and 24 a lifting surface theory solution was developed
for the vortex induced loads on an infinite aspect-ratio, nonrotating wing
encountering a straight, infinite vortex at an angle A with the wing
(fig. 20). The vortex lies in a plane parallel to the wing, a distance h
below it, and is convected past the wing by the free stream. The distortion
of the vortex line by interaction with tﬁe wing is not considered. In linear
lifting surface theory, the blade and wake are represented by a planar distri-
bution of vorticity. This model problem was solved for the case of a sinus-
oidal induced velocity distribution, with wave fronts parallel to the vortex
line. An approximate solution was obtained by fitting analytical expressions
to the numerical solution for sinusoidal loading. The vortex induced velocity
distribution can be obtained by a suitable combination of sinusoidal waves of
various wavelengths, and the same super-position gives the vortex induced
loading from the sinusoidal loading solution. The approximate solution is
not valid for extremely small wavelengths, but the range of validity is
sufficient to handle the cases arising in rotary wing applications. For the

velocity induced along the wing span by a vortex of strength T:

O —_— - A
Zw (€2 (g AT +RT

W=

(where r and h are here divided by the wing semichord) the approximate
lifting surface solution (from ref. 23) for the section lift 1is:

Lﬁxs — K\V’(T g- Chn A

(o ADNE 4 (U+c)?

/ B (= (a4 (L dF + AT
— Qo (=< .\3.*(2\-&0'5\1-@-%:? +l"(rsm-‘-3t(n‘\+d\z

2 d X [=CGud +8) ask; + (Usc)d w82
— £ an &wb (ComA 4+ 8O + (+ D2

wal
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Figure 20. Lifting surface theory solution for vortex-induced
loads.
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For the incompressible case, the coefficients in this expression are functions

of the vortex angle A:

b = 5.12 + 1.88 (1/90°)
b1 = —cosi
b, =X (A/90° - 1)
27 %
1
a = 544 (-~cosh) + .07 sin2A
a = -.434 - 1.09 (1-sinh) "% + .607 (1-sinp)®"%®
1.8
a, = .0084 + ,0069 (~cosAh)
1
c = 5.9
(8]
c = 1.683 + .27 (1-sinp) *20 - .154 (1-sinp)?°?
¢, = 1.417 + .366 (1-siam)"* - .392 (1-sian)®*”
c, = .91 + .93 (1-sinM) T°0 = 1.025 (1-sinp)®*%?

(A is in the range 90° to 180°; the solution for A from 0 to 90° is
obtained by symmetry considerations). The corresponding lifting line theory

solution for the vortex induced loading is

Cfam A
Leg = ﬂ\m{ (ComADZ 4= (& + D™

d 2z — Chm AL
— % (-D-MJ\.B [(rw.,\_\'- + (&% + ) ] }
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where a = -.662, ¢y = 1.296, and e, = n/2. This 1ifting surface solution
will be used in the present analysis in the following manner. For each line
segment it will be determined whether it is close enough to the blade for

lifting surface effects to be important (it is more economical to apply such
a test than to always use the correction). If so, the induced velocity con-

tribution of the line segment as calculated above, will be multiplied by the
ratio LRS/LM.

The parameters required to apply this lifting surface correction for
vortex induced loads are h, rsin A, and A. From the minimum distance '?;
between the point P and the vortex segment (in the tip path plane coordinate
frame), and including the influence of the viscous core on the induced

velocity, the vortex/blade separation is

-2A = is? V, (1:1 ‘?t.\§L -+ (if

- - A
Let i* = (rl - rz)/s be the unit vector along the vortex segment; and
-d

ji* = I;cosw + f;sinw the unit vector along the blade. Then the intersection

angle is

A = 188 — s;w"'ll_(.g*.-e*\?

S A = J1e— [-!;‘*.‘E“*\Sij
coes N —_ \‘é;”k-TE.’r \

Finally, the distance from the vortex line is

Chrm A = %- ‘/7-ET : -.""‘3" + (?1' ‘F\m?{ s“?‘ <_$-§-:‘3*\ W ES*-‘E ','3

-+ Ai-c»o_/\_
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The lifting surface correction will be used if the distance from the segment

midpbint 1s less than a specified distance d

.
.

Ls

S5
Oy = '\i\"u""z‘ < dgg

Typically dls should be around 10c (see ref. 24).

The use of a larger viscous core radius after a blade/vortex interaction
will be allowed, to model such affects as vortex induced stall or core burst-

inter(w) be
the age of the tip vortex segment which first intersects the following blade,

ing, which limit the induced loads (see section 3.1.1). Let ¢

with the generating blade at azimuth angle . Then a larger core radius =

will be used if the line segment age is greater than ¢b (y). The transition
at ¢

¢

p occurs initially a fixed increment A*b after the intersection at

inter

‘;b (w\) _ . ‘*\;-4‘\44- D) =+ A‘bh
b “’;.C“P“A*\ —PA""'—'\}bA""

» and then propagates up the tip vortex at a rate Vb = 3¢/3y:

= v (b W=D 4 Ak, 4y (1D A‘?}

i-.-o'U-DO

(only j =1 to J need be tested if Vb < 1, and ¢b = 0 for all ¢ if

Vb > 1), The initial, small tip vortex core radius r, is used 1f ¢

the large core radius rb is used if ¢k > ¢b; and if ¢k < ¢b

core radius is obtained by linear interpolation between T, and r

kel < 93
< b4 the

b The

initial, small core radius T, is always used for the near wake.

The“wake age ¢inter at the first blade/vortex intersection can be

determined by examining the projection of the tip vortex wake geometry
?;(w, ¢) on the disk plane. Consider a line segment extending from ?1 at

¢k to r, at ¢k+l’ and the m-th blade at azimuth angle wm =y + m27/N. The

2
vortex segment line is defined by

_ - . - -3
Tmctay = G + q-(c-z._r\B



=S
with o =0atT and o =1 at T:‘z; while the blade line is defined by

= g (Cy a4+ T 5

cXAalt_

with p =0 at the hub and p = 1 at the tip. The intersection of these

two lines is obtained by equating the 'i; and 3‘ components of ?’ and
Y T vortex
Thlade®

2 o S
7".-'31- + ¢ (G-t =) = -SQ-O'PM

-

G- v(?;'ﬁw-ﬁ-'g‘v) = \g&w\Pm

which gives

Voxa, = —

o -

-~ > -
Grtr T2y — O3

cc, "c'l. 5‘-‘:1’ Ww\m — (-?. -(‘z\.‘s:r C—Scww

- .
Cy Ly

i

R wxa

(There is no intersection if the denominator is zero). The vertical separa-

tion of the vortex and rotor blade is
- -l —i
2= 3 (7 +7DH.,

A blade/vortex intersection is defined to occur if 0 < Ginter < 1 and

0.2 <p < 1.0; and if lh‘ < db as well. The intersections will be
inter v

identified by examining each line segment in the tip vortex behind the blade

at ¢, beginning with the wake age ¢k = AY. The segment will be tested

against the blade index m such that the magnitude of

e R I k=
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is minimized. If an intersection occurs, then

bt = P + T AY

If an intersection does not occur, the next line segment is tested.

3.1.8 Rectangular vortex sheet.- Consider a planar rectangular vortex
sheet element, as shown in figure 21. The induced velocity is required at an
arbitrary point P in the flow field, defined by vectors from the four
corners. The strength of the sheet is defined by the circulation values at
the four corners (Fl and T3 at ¢k’ Fz and I‘4 at ¢k+1; Fl and Fz at the out-
side edge, P3 and F4 at the inside edge). This vortex element is approxi-
mated by a planar, rectangular sheet with sides s and t (fig. 21). The
point P 1is defined by a vector ?: from the center of the sheet. The
orientation of the sheet is defined by orthogonal unit vectors g; and 8£

x

A A
e e

parallel to the sides of the sheet, and the normal unit vector 3; = s ¢’

~ A - Dol - -

z

A - - ) -
s = L (3o, —&—T)
- - - - RN

A A
The vorticity strength is § d4n the et direction and vy in the e
direction, varying linearly along the length of the vortex filaments. The

-t
minimum distance from P to the sheet or its extension is rm:

Y —-— A F A~

-
The vector r is perpendicular to the plane of the sheet and intersects it
at a point M. A coordinate system (o, T) will be used on the sheet plane,

with origin at M 8o the center of the sheet is at
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Figure 21. Rectangular vortex sheet.
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The edges of the rectangle are then given by o = S, + s/2 and T = t, + t/2,
The distance from a point on the sheet to P is

__\_...-\
€ = Cam — e, — T ¢,

The linearly varying vorticity of the sheet is

— A
L = rc.s-i—&at

or in terms of the circulation at the corners:

-— - Q-t -r ° E -—
§ = -0 T-(t ’i) . L=l t +.‘3 .2
S < S t

= G-+ (G- EY] + [ (-7 -0-L)x

S
hen r—(em 3, G —f3 (ex3N—C

3&{ [(\T-Vz\(so- ’;‘_) +l§-f§\(§.¢%}l+;1{[q_q_m+r3 -

Note that conservation of vorticity gives Qv/3c = -36/371 or Yo = -Gt.

The Biot-Savart law gives the induced velocity of this vortex sheet:

t 4+t /S, +8
- - Sm— Ve A
ta-g 5-2 Cel+ ot +x®)

o
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Finally, the induced velocity in terms of the circulation at the four corners

is:

- (5, =T3) A A A -

- (r;'-r"’> E'(to-'-%\:.«, I\ -+ rvues ::—z "'(tg*ti) av\ 13 + ath-l
4rr st

- s A
— z)[(;.-?iyé‘t::. +l-PLT 35 -8 T, )
L st

— (=% o
- - [" (504 %Sat I, —($o+%32v--rz+"m€ti3 4.2“1:4:}
vy ST '

where the first two terms are due to the trailed vorticity, and the last two

terms are due to the shed vorticity. This may be written as

&% = N D[, + Ty ] (G -TO[ 4%, ]

+ (0—r) ["_‘-"s. "'3\51] + (7 “rq\[es. ""-‘Asz ]
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where

. } A A

Ve, = -—L—:‘_t [t,cs T, —tme T, +°, T—;-%IA
- ) €t A t

= —— = e =

'ty e LZ& T + 7 e T3]
BN | A A A

Vs, = o< (a4, -wl T, -0 )
- - \ g A s 3

There is a logarithmic singularity in the velocity induced at the vortex

sheet side edges (the Ymaﬁlz and sﬁ?nIB terms in Av). This singularity

will be avoided by replacing the trailed or shed sheet vorticity by a line

segment with a large core radius. Hence if

Cm (S.=l=-1§-32<¢)i‘ amd el < T 4 dy

then the point P 1s near a side edge of the trailed vorticity; if

T (A
‘™ + ("to + -%) < s a® 1S.) « % +év5
then it is near a side edge of the shed vorticity; and if

\r'l < éys

for any corner, the point P 1s near the side edges of both the shed and
trailed vorticity.

An economical approximation is to replace the vortex sheet by a line
segment, with either a linear or a stepped circulation distribution, and a

large core size to eliminate the large induced velocity mear the line. The
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strength and position of the line segments are determined from the circula-

tion and position of the four corners of the sheet: for the trailed vorticity

r} = rj - (j;

Snnne
V? 2 = r'2 - T;
-
= —_ 4 (_?9 + €
-, = 2 \ 33
A - -
T = 2 (Fz + & D

and for the shed vorticity

rin~.4, - @ -0
N = G -
F‘u,;..,_, = 37+ 7D
??Q;*‘_ = éi (.E; -+ ?i j>

Note that with line segments it is not necessary to-approximate the sheet
The core radius can be specified arbitrarily;

geometry by a planar rectangle.
= t/2 for the

or r_ = s/2 can be used for the trailed vorticity and rc

shed vorticity.

3.2 Free Wake Geometry

A method was developed in reference 16 for calculating the free wake

geometry of a single rotor in steady state flight out of ground effect, which

will be adapted for use in the present analysis. The wake model for the

free wake calculation consists of line segments for the tip vortices; and
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rectangular sheets or line segments for the inboard shed and trailed wake
(similar to the far wake model used here for the induced velocity calculation;
see section 3.1.2). The near wake or rolling up wake as described above are

not considered.

Only the distorted geometry of the tip vortices is calculated in the
analysis of reference 16, The rigid or prescribed wake geometry is thus
still used for the inboard vorticity. The distortion of the tip vortex

-~
geometry from the basic helix is defined in reference 16 as a vector Ds(w, 8)

’
giving the displacement of the wake element with current age & which was
created when the blade was at azimuth angle Y. A tip path plane coordinate
frame is used, with the x axis to the right (the advancing side), the y axis
aft, and the z axis down. The procedure for calculating the wake geometry
consists basically of integrating the induced velocity at each wake element.
The outer loop in the calculation is an iteration on the wake age &. The
induced velocity $(W) are calculated at all wake elements for a given age

6, and all azimuth angles . Then the increment in the distortion as the

wake age increases by Ay is:

-3

D, (wy &) = T§s (W, 8-a¥) + a¥ §f‘<%

An efficient calculation of the wake geometry requires many variations in

this basic procedure. Reference 16 adapted the near-wake and far-wake scheme
for reducing the computation. The first time the induced velocity is evaluated
at a point in the wake, the contributions from all wake elements must be

found. For subsequent evaluations of the induced velocity at that point,

only the induced velocity, due to the nearby wake elements are recalculated.
The other major consideration for minimizing the computation is the matter

of updating the induced velocity calculation. At a given point in the wake
geometry calculation, there is a boundary in the wake between the distorted

geometry and the initial, rigid geometry. The distortion has been calculated
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between the rotor disk and the boundary; downstream of the boundary the wake
is uﬁdistorted. As time increases by Ay, the entire wake is convected
downstream, and the rotor blades move forward by Ay, adding new trailed and
shed vorticity at the beginning of the wake. If there were no distortion of
the wake during the time Ay, then the induced velocity at a given wake
element would not change except for the contributions from the newly created
wake vorticity just behind the blade. Thus the normal calculation procedure
consists of calculating the induced velocity at the boundary, by just adding
at each step the contribution from the new wake directly behind the blade.
Of course, the wake does distort as it is convected and as the estimate of
the distortion improves, thus it is necessary to update the calculation of
the induced velocity in the wake. In boundary updating, the induced velocity
is calculated at the boundary still, by summing the contributions from all
elements in the wake. 1In general updating, the induced velocity is recalcu-
lated at all points in the wake upstream of the boundary. Boundary updating
is typically done every 90° on the front and rear portions of the helices,
and every 45° along the sides where the distortion is greater. General
updating is typically done every 180°. General updating can not be done
often if the amount of computation is to be kept low, but it does improve
the accuracy and convergence. Numerous techniques for secondary improvements
in the efficiency and accuracy were also included. The distorted wake
‘geometry is required for m revolutions, where m decreases with forward
speed. A single iteration of the free wake analysis consists of calculating
the distortion -ﬁ;(w, 8) for ¢ = 0 to 27 and 6A= 0 to 2mm. Usually two
iterations are sufficient to obtain the converged solution for the wake

geometry.

The present analysis requires the wake geometry in the form of Ekw, ¢)
where ¥ is the current azimuth angle of the blade and ¢ 1is the wake age
(¢ + 8 and § respectively in the notation of ref. 16). The present analysis
uses a tip path plane coordinate system with x aft, y to the right, and z

upward. Hence
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D) = [23r + 3- T “E B 1B (w4 3§D

is the distortion as used in section 3.1.3. The rotor velocity components
u and u, are required relative to the tip path plane. The hub motion
and gust velocity at the hub can be included in these velocity components.

Ground effect and rotor/rotor interference can be accounted for by using

an effective normal velocity:

. . |
)’%ggg = MTyep "'Cl—s‘c,e O™+ Nr

where fGE is the ground effect factor defined in section 2.4.3, and Aint

is the interference induced velocity. The total uniform induced velocity

N = fries N+ NS

is required to define the wake geometry at the start of the calculation.
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4. AIRCRAFT MODEL

4.1 Aircraft Configuration Definition

A general two rotor aircraft is considered, with rigid body and elastic
motion of the airframe. Aerodynamic forces on the wing/body, horizontal tail,
and vertical tail are modelled, including aerodynamic control surfaces. The
drive train connecting the rotors is modelled, with engine dynamics and a
rotor speed governor. The case of a rotor or helicopter on a flexible support

in a wind tunnel is included in the model.

4.1.1 Aircraft orientation: flight path and trim Euler angles.- The air-
craft flight path is specified by the veiocity magnitude V, and the orienta-
tion of the velocity vector with respect to earth axes (fig. 22). The veloc-
ity vector has a yaw angle Yrp (positive to the right), and a pitch angle
eFP (positive upward). Thus the climb and side velocities of the aircraft are
Vclimb = Vsin OFP and VS
respect to earth axes is specified by the trim Euler angles, first pitch 8

ide = Vsin wFP cosSFP. The aircraft attitude with

FT
(positive nose up), then roll ¢FT (positive to the right). Airplane conven-
tion is followed here for the coordinate systems -- x positive forward, y

positive to the right, and 2z positive downward (see reference 25). Between
the earth axes (E system) and the velocity axes (V system) there are the rota-
tions wFP and 86__. Between the earth axes and the body axes (F system) there

FP
are the rotations eFT and ¢FT' Thus the rotation matrix between the V system

and the F syvstem is:

Tors orp Lrp ~Copr Swep Copr Sapp Cope
+ SoprSep - SerrQFp
v + ChrrCagy Swep +Cpee Oyep + CyerSoer Swep
— 3¢~y Sty 53‘,‘, _ + Copy S#F'l Coce
>o5v Cher Woer Cayep ~Saer Qeev Svee Sef""q"‘g’"c""‘(’
~ S¢rrCogp Swee — Sprr Corp ~Ser Sage Swrr
— ®erTher Sopp +@erCherCore
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Figure 22. Earth axes and aircraft flight path definition.
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The trim calculation determines the Euler angles 6 T and ¢ pr (and perhaps the

F
flight path climb angle eFP also).
. . =
The velocity of the aircraft is V = Vlv, so the components in the body

Ny

—
\h} 'Z\)EFVL‘V
\J%

S
The acceleration due to gravity is ??'= ng or in body axes
= ’i_ _
g = <?5 E = C?F cos@cv S Prr

e O ¢y <L43“4>G1-

4.,1.2 Rotor position and orientation.- The rotor hub position is speci-

fied in the body axes relative to the aircraft center of gravity position,
2

Thub
matrix between the shaft axes (S system) and the aircraft body axes (F system).

= (xi} + yj; + Zﬁ})hub' The rotor orientation is defined by the rotation
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s\ . LF
3 = g ¥*
y S¢ &

The position and orientation of the rotors relative to the body axes are fixed

geometric parameters. The aircraft velocity is V = My '.{‘ + u j" + u ?

so the shaft axes components of the velocity seen by the rotor are

—M» V
M = R Rey :
M

The hub plane angle of attack and yaw angle may then be obtained from

e — ey )/HTE /,'}/h;qu./ﬁ”;
Voo = T g /g,

and the advancing‘tip Mach number from

M = MgV I+ EApT YT + u

VI:,,

The sign of the lateral velocity uy must be changed for a clockwise rotating

rotor; and for rotor #2 the velocity components must be multiplied by QR /QR

The quasistatic hub motion and the gust velocity at the rotor hub will be

included in the advance ratio components:

- Mx N+ ue ij.
Fo | = ReRey | ve + |

/Me We 2 Steahe

~186-

2"



For a helicopter main rotor, the orientation with respect to the body
axes will be specified by a shaft angle of attach BR (positive for rearward

tilt), and a roll angle ¢R (positive to the right). Thus:

—Cao < Se
e = | =45 N SyCe
—<$ Sas 55#. A

The orientation of a tail rotor will be specified by a cant angle ¢R
(positive upward), and a shaft angle of attack GR (positive rearward). The
tail rotor thrust is to the right for a counterclockwise rotating main rotor,
and to the left for clockwise rotation. Thus the definition of the tail rotor
shaft axes depends on the main rotor rotation direction. Let er have the
value +1 for a counterclockwise rotating main rotor, and er = -1 for a

clockwise rotation. Then the rotation matrix for the tail rotor is:

—Ce -Rwrt‘*% 5~b$e
Ree =| o s e b

The nacelle and rotor of a tilting proprotor aircraft can be tilted by
an angle ap’ where ap = 0 for axial flow (airplane configuration), and
up = 90° for edgewise flow (helicopter configuration). The rotor orientation
is also described by a cant angle ¢R (positive inward in helicopter mode,
zero in airplane mode), and a pitch angle GR (positive nose upward) which is
the angle of attack of the shaft with respect to the body axes when ap = 0.

Thus the rotation matrix is:

[~ WS« e - SuSe -S$ S b St Se — Cala

KSF = | -cpS3(V-Co) G- S SuSe Q;-}S;Ca cpSp(1-CadSp — S$Sile

(fCatSE)0e - Whle  ~chSp (- -(eicﬁs;)sa-qsdtej
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-3
The rotor hub location T b for the tilting proprotor aircraft is defined
-3
T

. (v .
by the pivot location pivot

and the mast height h, so
K L]
’ ((&’ Cx + S“P.) Ca ~ c;#;SLg Sig

ks T Tpiver ~+ R —<$Sy (1=-cu)
| — (Cffcu '*‘S;)Sa -~ pSale

4.1.3 Wind tunnel case.- For the case of a rotor or rotorcraft in a
wind tunnel, the forces and moments on the body are reacted by the model sup-
port system, so trim of the body forces is no longer a concern. The flight

FT = ®rr = ®pp = Vpp = s sO
the wind, earth, and body axes coincide (RFV = I). The wind axes and body

path and trim Euler angles can be set to zero (8

axes are therefore the tunnel axes system, with the x-axis directed upstream,

the y-axis to the right, and the z-axis vertically downward. The rotor

orientation is specified by the matrix RSF as above. To accommodate the case
of a wind tunnel with a turntable, the RSF matrices can be post-multiplied
by the matrix
oW CoSw —Sa
EF-" = —Sy < o

where wT is the turntable yaw angle, positive to the right, and eT is the

test module pitch angle, positive rearward.

4.1.4 Gust velocity.- The aerodynamic gust velocity will be defined
relative to the velocity axes, with longitudinal component u, positive rear-
ward, lateral component Ve positive from the right, and vertical component

C > v >
wG positive upward (Vg = —uGT; - VGJV - kaV). The components in the body

ust
axes are then

-188-



he Ue

We g Ve /v
The components in the rotor shaft axes are
be —Ye
—_ ~ Ve
- Vy - —_— RS¢ RFV
we g v

For a clockwise rotating rotor, the sign of v is changed; for rotor #2 the

gust velocities must be multiplied by QRl/QRz. Hence define

- o o
o > -1

including also the factor QRl/QR2 and the sign change for a clockwise

rotating rotor as appropriate.

4.1.5 Aircraft description.- The aircraft geometrical description con-
sists of the location of rotor #1, rotor #2, and wing/body, the horizontal
tail, and the vertical tail relative to the center of gravity. The orienta-
tion and position of the aircraft components will be defined in a body axis
system (the F frame) with origin at an arbitrary reference point, as in

figure 23. Given the dimensional positions relative to the reference point,

for example

center of gravity: FSCG, WLCG, BLCG
rotor #1: FSR1, WLR1, BLRLl
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Figure 23. Definition of aircraft geometry.
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Then the coordinates of the location of rotor #1 relative to the center of

gravity (in the F frame) are

x = (FSCG - FSR1)/R
y = (BLR1 - BLCG)/R
z = (WLCG - WLR1)/R

and similarly for the rotor #2, wing/body, horizontal tail, and vertical tail.

The mode shapes of the airframe elastic motion are described by the six
components of linear and angular hub motion, in the F frame: EL and 71 at E;ub
(for each rotor). Assuming that the generalized coordinate 9 has dimensions
of m or ft, it follows that the generalized mass Mk has dimensions of kg

or slug; that the hub linear motion is dimensionless; and that the hub

2
k
angular motion Yk has dimensions rad/m or rad/ft. These elastic vibration
modes can be arbitrarily scaled; if gk and Y, are multiplied by a factor S,
then Mk should be multiplied by S2 and the solution for 9 will be

divided by 8.

For the case of a wind tunnel with a turntable, the geometry will be
defined for zero yaw angle, relative to a reference point at the center of

the rotation. Then
% "
2 - Y==d=90

where RTF is defined in section 4.1.3.

4.1.6 Pilot's controls.- The control variables included in the rotor-
craft model are collective and cyclic pitch of the two rotors, and the air-
craft controls, which consist of engine throttle et, wing flaperon angle Gf,
wing aileron angle Ga’ elevator angle de, and rudder angle Gr. The control

vector is thus

-
W, T = [_(eo 3¢ e‘s\i (69 e.,_é.bz 5;, ‘t. Sg ¢ Br_]
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The pilot's controls consist of collective stick 60 (positive upward),
lateral cyclic stick 6C (positive to the right), longitudinal cyclic stick
GS (positive forward), pedal Gp (positive yaw right), and the throttle 6t:
- T

N, = [So 8 & $¢ Se )

For the purpose of trimming the helicopter, a linear relation between the
pilot's control inputs and the rotor and aircraft control variables is assumed:

.. - -
Vo= Teee o+ Vo

o
where vy is the control input with all sticks centered (3; = 0), and TCFE

is a transformation matrix defined by the control system geometry.

The control transformation matrices for the single main-rotor and tail-
rotor, the tandem main rotor, and the side-by-side main-rotor configurations
are given below. The K's are gain factors in the control system, and the
Ay's are swashplate azimuth lead angles. The main rotor, front rotor, or
right rotor is assumed to be rotor #1; and the tail rotor, rear rotor, or left
rotor is rotor #2. The parameter Q here takes the value +1 for counter-

clockwise rotation of the rotor, and { = -1 for clockwise rotation.
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4.2 Aircraft Analysis

The aircraft motion consists of the six rigid body degrees of freedom
and the elastic free vibration modes. A body axis coordinate frame with origin
at the aircraft center of gravity (the F system) is used for the description
of the motion. Airplane practice is followed for these axes -- x 1is forward,
y 1is to the right, and 2z is downward (ref. 25). The coordinate frame used
is not a principal axis system however; moreover, the airplane practice of
aligning the x-axis with the trim velocity is not followed, since for rotor-

craft it is necessary to consider the hovering case (V = 0).

The parameters of rotor #l1 are used in making quantities dimensionless

and in normalizing the aircraft equations of motion. It is assumed that
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rotor #1 is the main-rotor of a single main rotor and tail rotor helicopter;
the front rotor of a tandem rotor helicopter; or the right rotor of a side-by-
side rotor helicopter. With the hub forces in rotor coefficient form it is
convenient to normalize the equations by dividing by the characteristic inertia

(%Nlb)l.

4.2,.1 Degrees of freedom.- The linear and angular rigid body motion of
the aircraft is defined in the body axes (F system). The linear degrees of
freedom are Xg (positive forward), Vg (positive to the right), and Zp
(positive downward). These variables are dimensionless based on the rotor
radius R; thus the velocity perturbations are normalized using the rotor tip
speed QR rather than the forward speed V as is airplane practice. The
angular degrees of freedom are the Euler angles wF (yaw to the right), eF
(pitch nose up), and ¢F (roll right). Then the linear and angular velocity

perturbations are
N -\

KF = \‘F_‘fF“'(’zF-SF + 2 kg
FOAF = Eg(%‘;.d: +éF§F +\\.’€,th

where _ ] -
\ o — 5Oy

EQ— = °© s by o Svadpr PSS

| O —%wber Caodpr SeOFT

For the elastic motion of the aircraft in flight, the displacement -
. - R - s .
and rotation 8 at an arbitrary point r are expanded in a series of the

orthogonal free vibration modes:

po >
ﬁ(?)t) = = t‘s (D ?k(r)

k=t *
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The first six degrees of freedom are the rigid body motions: 9gy+--9gg are

respectively ¢F, eF, wF’ xF, Yp and Zp- The generalized coordinates

q
SK
for K > 7 are the elastic modes of the aircraft.

Orthogonality implies that
the elastic vibration modes produce no net displacement of the aircraft center

of gravity, or rotation of the principal axes.

For the rigid body motions the mode shapes are simply

(331 = [¢GFoke T g

-3
[K\ ia 1= L Re o ]
since
.U-\’ - -y-:,; 4-2; !# - -ip o (r*sze&.‘e

4,2.2 Hub motion.- The rotor equations of motion require the six com-

ponents of the hub linear and angular motion in the shaft axis system:

* [ -

t;,; Rse ?u(«"‘“3 -,

:‘,‘: = 1 - L {1&2
Oty E§;=fﬁ;("h..sf)

Ola L .k

or

—Rs: CoE' Ree ...RSF?‘... ]

| Rk o ReTae
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The matrix R transforms the motion from body to shaft axes. The moment

SF
arm of the rotor hub about the aircraft center of gravity is in body axes,
?9 = xT‘ + 7™ + E.
hub MRS TN

The total velocity of a point is the sum of the trim and perturbation
velocities, {?==1?+-Zask E;, in body axes. The rotor equations require the
velocity components at the hub in an inertial frame however (the S system) ,
and the Euler angle rotations between the body and inertial axes introduce
perturbations of the trim velocity .V§ So the perturbation velocity becomes

-~ -3 - « = .
u=ag x V + quk Ek’ where in the S system

o/ -
- My — Ppa
e x N = | —ugoiy —myoXy

Jru oy + Joy ot

These contributions to the hub velocities (ih, §h’ Eh) cancel the terms in

the blade velocity due to the Euler angle rotation of the inertial axes rela-
tive to the trim velocity (the uoa terms in Ups Ups and uR). Thus the
evaluation of the hub rotation (ax, ay, az) for the aerodynamic analysis should

not include the body Euler angle contributions, as discussed in section 2.4.2.

-1 - T -
Finally, the rotor hub acceleration is u = w; x V + quk gk, where the

F
first term is the inertial acceleration due to the rotation of the trim
velocity vector by the body axes angular velocity. This additional contribu-

tion of the Euler angle velocity to the hub linear acceleration, in the shaft

axes system, is .
X e

n"‘ —, —; —; ~
A\ v = LexV = R (-\/x\ag O¢
(TN Ve

which can be written t¢ =T Xg with

c
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For rotor #2 the linear hub displacement (xh, Yy 0 zh) must be multiplied
by Rl/R2 to account for the differences in normalization, c being based
on rotor #1 parameters while o is based on rotor #2 parameters in this case.
For a clockwise rotating rotor it is necessary to change the signs of Yhe %y

and @ These conversions will be included in the definition of ¢ and €, by

a. multiplying rows 1, 2, and 3 by R1/R2
b. changing the signs of rows 2, 4, and 6
as appropriate. In addition, the derivatives of the hub motion of rotor #2

must be corrected for the different time base, by multiplying the velocities

. 2,2
by Ql/ﬂ2 and the acceleration by 91/92.

Qe
|
|
M
%

o= (Y (¥ + 2D

(See section 5.1.5 for the time scale correction in the case of harmonic body

motion.)

4.2.3 Pitch/mast-bending coupling.- Flexibility between the rotor swash-
plate and hub will produce a blade pitch change due to elastic motion of the
airframe. This coupling between the rotor pitch and mast bending is accounted
for by introducing kinematic feedback of the following form:

Oo
At = — < .. (_kyhﬁd coal¥, -&-¥§\5;5h-qﬂ,.\>
i

Bemd

4.2.4 Equations of motion.- Following the usual steps of airplane flight
dynamics analysis (see ref. 25), the linearized rigid body equations of motion
are obtained by equating the angular and linear acceleration to the net moments

:_‘ -h L] -— -l -d
and forces on the aircraft: IwF = IM and M(ﬁ; + e xV) = IF. 1In terms of the
body axis degrees of freedom, including the gravitational forces, the equations

are:
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Qg -+ M*-}iz — G {°F
o e

where

) ey o

~Corr@er  SeprSeir ©
Cagr Sﬁpy See+Q¢r ©

Ske M O

Here M is the aircraft mass, including the rotors, and 1 is the moment of

inertia matrix:

I - -I
X Xy X2z
I = -1 I -1
Xy y yz
~1 -I I
Xz yz z
L o
(1 =1 = 0 if lateral symmetry is assumed). These equations are dimension-

Xy “yz
less, and have been normalized by dividing by the characteristic inertia
(%Nlb)l. Thus M* = M/(%Nlb/Rz) and I* = I/(%NIb). Note that the gravitational
constant g 1is also dimensionless, based on the acceleration QZR; and

M*g = yzcw/ga) where W = Mg is the gross weight.
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For the elastic degrees of freedom, since orthogonal free vibration modes

are used the equations of motion are simply
» "
. [ 4 *
Mk ("\'SV. + as“)\k 3‘»3* + Ly 15;3 = Qk Ck 2'7)

where Mk is the generalized mass including the rotors (in normalized form

*
M o= Mk/(%NIb/RZ», w, 1is the natural frequency of the mode, and g, 1is the

structural damping coefficient.

The generalized forces Q: are due to the hub reactiqns of the two
rotors, and the aérodynamic forces on the aircraft. Since the rotor mass is
included in the aircraft inertia, the hub linear acceleration terms should
not be included in the evaluation of the hub forces for these equations of

motion. The aircraft aerodynamic forces are considered in section 4.2.6.

Similarly, the rotor gravitational forces are not included in the rotor

hub forces, since the rotor weight is included in the aircraft gross weight.

4.2.5 Hub forces.- The aircraft generalized force due to the rotor hub

reactions is

-3 -

Qy = i,‘(f‘M\ 'FM —+ Kk (?MS MJL..&

Normalizing Qk by dividing by %NIb gives then
(2

™ = - o = : - -
{Qk i B "5‘31 :)Jszv. is}v. T‘s?k )S‘?k T“-b’u L E—i:
: ¥ f__%’

3 T
T o

¥ 52
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or Q= CTF, with ¢ defined above for the hub motion.

For rotor #2 it is also necessary to account for the differences in
normalization, Q@ and ¢ being based on rotor #1 parameters while F 1is based
on rotor #2 parameters. Thus the force coefficients of rotor #2 must be

multiplied by

QNI bﬂz/sz
CNT, ST/R),

and the moment coefficients by
T

C T Y AR

'd NI;S‘L"}\

For a clockwise rotating rotor it is also necessary to change the signs of

C and C, .
Y’ CQ’ Mx
rotation direction as required for the hub motion, it is then only necessary

Using c¢ corrected for rotor #2 normalization and the rotor

to multiply the matrix by

(nTouS2Y)

< F TNy AN

to obtain cT for rotor f#2.

4.2.6 Aircraft aerodynamic forces.- The aircraft aerodynamic forces
considered are those acting on the wing/body (WB), horizontal tail (HT), and
vertical tail (VT). The generalized forces for the aircraft rigid body

degrees of freedom, due to the aerodynamic forces and moments, are as follows.
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Here L, D, and Y are respectively the aerodynamic 1ift, drag, and side
forces; Mx, My’ and Mz are the roll, pitch, and yaw moments on the wing/body;
and q 1is the dynamic pressure. The horizontal tail cant angles is ¢HT
(positive to left), and the vertical tail cant angle is ¢VT (positive to
right). The moment arms of the aerodynamic centers of action about the air-
craft center of gravity are in the body axes, ?;= xi% + yf} + éﬁ;. The factor

2y/oa results from normalizing the equations by dividing by %NI The

parameter A 1is the rotor disk area. ’
The aircraft aerodynamic analysis thus requires the wing/body lift,

drag, and pitch moment (L/q, D/q, and My/q) as a function of angle of attack

a and of the flaperon deflection Gf; and wing/body side force, roll moment,

and yaw moment (Y/q, M,/q, Mz/q) as a function of sideslip angle 8 and

aileron deflection éa; the horizontal tail 1ift and drag (LHT/q’ DHT/q) as

a function of angle of attack a,. and elevator deflection 6e; and the verti-

HT

cal tail lift and drag (LVT/q’ DVT/q) as a function of angle of attack & o
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and rudder deflection § r° These force and moment characteristics have

dimensions of length-squared and length-cubed respectively.

The aircraft aerodynamic forces depend on the air velocity seen by the
components and on the aircraft control positions. The air velocity consists
of the trim aircraft velocity, the perturbation linear and angular rigid body
contributions, the gust velocity and the rotor-induced aerodynamic interference

velocity. In body axes (the F system) the total velocity is thus

W Va * R e U -
o= Vo | +[ 4 —(FOR | 8¢ | + Revive | — N\
Va - ¥ Ye WG

which must be evaluated at the wing/body, at the horizontal tail, and at the

vertical tail. The angular velocity of the aircraft is
¢ be
% - ‘:Q 43
< We

The rate of change of angle of attack is also required (& = EF/VX). The air-
craft controls consist of flaperon, elevator, aileron, and rudder (df, Ge, da’
Gr).

The aerodynamic interference velocity due to each rotor is required.
With a nonuniform induced velocity calculation,fr is the mean value of the
wake velocity calculated at the position of the fixed aerodynamic surface
(see section 3.1). The complete time history of the velocity, required to

evaluate the mean, can be useful information itself,

As a simple model for the aerodynamic interference, the rotor-induced
velocities at the wing/body, horizontal tail, and vertical tail can be
obtained as a linear combination of the mean induced velocity at the two

rotors:

= Ko SN, R:(: (’fA + kG2 Mg R:F ("ts\

-202-



assuming that the induced velocity is normal to the disk plane (;E; direction).
The K factors account for the maximum fraction of the aerodynamic surface
which is affected by the wake, and the fraction of the fully developed wake
velocity which is achieved. Typical values would be K = 1.5 to 1.8 (or zero
for no interference). The € multiplicative factors account for the decrease

in the wake induced velocity away from the wake surface, using the following

\
C = wwux<l)l+ﬂ)

expression:

where £ 1is the perpendicular distance from the aerodynamic surface to the
nearest wake boundary (2 < 0 if the surface is inside the rotor wake cylinder).
Consider the geometry sketched in figure 24. The aerodynamic surface is lo-
cated at (F‘— ;;) relative to the rotor hub. The unit vector along the wake

center-line is

. .Y
T = 2T AT — DKk
\!W/"‘:-L —+ /‘*\;' + M\*

4

and we write

Ex(?'—?g3 = (:x\ R;;(‘-—‘},\ = "“5"'3'3’3"’%]:5

(times RllR2 for rotor #2). Now the unit vector in the ':7?‘— ?; plane,

perpendicular to e 1is

o= N
2»(((::--‘:253 X £

| € x (R—%)]

3



K,

—_

S
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ROTOR WAKE ¥,/ ROTOR HuB

SLIPSTREAM

Figure 24. Model for rotor/airframe aerodynamic interference.
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So the distance from P to the wake center-line is

-_— D . -
Sp = (F’-ﬁ)-é = | x (v =F)>|

-
A point on the edge of the rotor disk is a unit vector perpendicular to ks;

Y
the point also in the 'é\/i"- EI.I plane (perpendicular to e x (r - ?R))is then

-S: _ ‘T‘Jsx (Tx (?-?a\j
B \fs x (T (F‘-.F“\)\

The distance of the wake edge to the wake center-line is thus

_ - ‘T: 1 E? ¢ (73'-F%{3l

\E“ (T %(?—?‘7&%‘

% = 5.3 =

So the distance from P to the wake boundary is

e eR N
g = 8p —Rg = \e.x(“'-‘"b‘-)\ (1 - ’fsx(g,(s-\'-‘aﬁl

~ 2.1
=~/xz+ Tyt Cl_ r—*-ﬂe = >
b Xl .'.32.

-206~



and l

C = von (1)1 ~,q))

From the velocity components at the wing/body, the angle of attack and

sideslip angle are:

- -1 W
~‘
@,,g = Tax i&-

and the dynamic pressure is

RAwa = é (u’*+v"—t— wl)

The aircraft aerodynamic interference at the tail will be accounted for by an
angle of attack change ¢ and a sideslip angle o (positive when decreasing

o and B at the tail) so the net velocity components are

W EW =+ TV
v~‘-u
w — € «u

Then the horizontal tail angle of attack and dynamic pressure are

e = Tl e by 2 Cmr e

Ut €Ew 4+ TV

( (h+ €&w 4-0"v‘)'z + (v-o d}"-p. (w~ ‘.L‘\Z:}

quﬁr =

A
Z
L
ra

12

(b + v 4 w?)
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and similarly for the vertical tail
- ) CV-O"u\c-ev-Iu,., -;-(w-.eu\hui)n-
Q(V‘!’ (M
s

W+ Ew — rv

~.
= (k‘l'.'v"-’—w")

R

where ¢HT and ¢VT are the tail surface cant angles. The time-varying non-

uniform inflow will increase the mean dynamic pressure in the wake:

a = 3 (Wtavt4+wr) + T

where 02 is the mean-square wake velocity perturbation, at the wing/body or

tail as appropriate:

2 <~ 2
r A -—
I = % R

For best results, experimental data should be used for the aircraft aero-
dynamic characteristics, including the airframe interference effects. As a

simple model, the following expressions can be used for the wing/body:

. L
.% = —‘;—f (Otwa + Liyg) ';;_SF S¢ -+ HS& S¢
T
% R O Y T e _(F‘i/%_}_
+ Desege 4 Dy
Y Y
%%? = .Q%:_ -+ Cgfi (Avp ~+ el ) =+ Mg “ + gsﬁk %s
Y A1 VY ©
R S T 2
Mx ’ﬁ‘!(;-g—\/.i\l*e-f—-i—y—tﬁ':*-f_’.&‘é“
3 1 5 Vv I Y
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Vi C
= 3 % £
(YP, Yr’ and Nzr are often negligible); and for the horizontal and vertical
tails

Se

I

L Lo (otyr —+ tpr D +
= %X

Ly
F

A

I

gf.

My

L—f (Aur 4+ ive D)

To account for stall, « = sign a * min (|af, amax) is used in the wing/body
lift and pitch moment, and in the tail forces. Here ime yre and igr are
the zero lift angles relative to the reference body axis system; and GF is

a wing flap angle.

The wing/tail interference is evaluated from
(L/iwus
Se

€

The area f can be estimated from the wing area, span, and chord (Sw’ Xw, cw)

&
and the horizontal tail length (QHT) by

725
Sé' = 2-2 va ('Sh:,/f5v4.>

(SAnT'/Qk~~).:Lgr

(from ref. 26). A lag in the wake velocity at the tail is also included:

pe o = 2ty o (s D o
Xe v

|\

(ref. 25). The wing-induced velocity could be obtained from the first order

differential equation
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Té+€=é’;} e

The usual approach for airplane flight dynamics analysis is to write this

equation as

o€
5o O o % _ % A
€ = Vi3ws Q—ee) qo we = dor Twe =T 32,0

Using T = QHT/V for the time lag gives the above result. From reference 25,

the sideslip interference angle is approximately

T \Y/ o xV-r( <\’ 3(3‘1\; e
T = + (T 5¢ ) — + (= 37 ML
36 ¢ ac 2.c OF v

Ryq AV}
~ Rua e
v
where z is the vertical tail position (positive upward).

VT

In summary, the aircraft aerodynamic forces are calculated as follows.
The aerodynamic enviromment is defined by the helicopter trim velocity,
perturbation linear and angular velocity, gust velocity, rotor-induced inter-
ference velocity, and the aircraft controls. The total velocity components
are calculated at the wing/body, horizontal tail, and vertical tail; from
these the angle of attack and dynamic pressure are calculated. Then the aero-
dynamic forces and moments on the aircraft are calculated. Finally, the

generalized aerodynamic forces are evaluated.

4.2.7 Airercft aercdimamics — high frequency.- The aerodynamic model
described in the preceding sections deals with the steady forces on the air-
craft, and the stability derivatives for the rigid body motions involved in
flight dynamics. Such a model would not be appropriate however for the high

frequencies of rotor-induced vibration, for either rigid body or elastic
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motions of the airframe. An accurate analytical evaluation of the generalized
forces at high frequencies would require a sophisticated model of the wing/
body and tail aerodynamics, including the effects of the rotor wake-induced
flow field, for the normal modes of elastic vibration of the airframe. Such

an analysis is not attempted in the present investigation.

The only generalized aerodynamic forces considered for the airframe
elastic modes are the direct damping and control forces. In dimensional form,

the equations of motion are then
“ Ps 2
My (Jq, + Uk Fy > % '\SQ = (Q\Am-mrs

- ¥
1 2 k
—Fféshuz.[f— F\ﬁ‘l 523} ¥ ¥.u§ (:g: .]

where Fqkék and Fqkb are constants (with dimensions of length-squared and

length-squared per radian respectively) that depend only on the airframe-

characteristics; Fqqu is the damping force divided by pV:

c . _ DGy %FX\JL
W Bé‘.s* /N

and FQké is the control force derivative divided by %pVZ:

= 234V
Tyt &

The dimensionless form, normalized by dividing by NI is then

S W s ?K
M T + ( M. D 3t SR v SV 9;:-‘\"3%; +M¥ e Jon

“(Qt>rv-\vr; —+ Aﬁ—[ <&'° ]

L¢

b’
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4.3 Transmission and Engine Analysis

The rotor rotational speed degree of freedom can be an important factor
in the helicopter dynamics, and the rotor torque perturbations can produce
significant drive train loads. A model is required which accounts for the
coupling of the two rotors through the flexible drive~train, and for the
engine damping and inertia. The drive train dynamics will be described by the
rotor speed, the interconnect shaft torsion, and the engine shaft torsion
degrees of freedom. The equations of motion are derived from the balance of
rotor and engine torques (in the nonrotating frame). A model for a governor
with throttle or collective feedback of the rotor speed error is also con-

sidered.

4.3.1 Engine model.-The engine model includes the inertia, damping, and

control torques:

Tee = D — BOpSte + R B,

The engine speed is QE’ and QE is the torque on the engine. The engine

rotary inertia is 1 is the engine speed damping coefficient, i.e., the

E’ QQ
torque per unit speed change at constant throttle setting:

3
éz{FL = EEEEE; \ o4

= wwwnitaut

The variable Bt is the engine throttle control position. Qt is the torque

applied due to a throttle change at constant speed:

@ a‘?e\ _ L2
t Se T X 26,
t 3¢ = comsTat SQj=ans+a~fr

Thus Qt and Q. can be obtained from data on the engine power as a function

of throttle position and engine speed.
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The engine damping may be related to the engine trim operating condition

by
@ I S k_ Qv = K Prer
¢ T 3% T 26 i e i

where « 1is a constant depending on the engine type. This approximation is
applicable to a wide variety of engines. The constant takes the value « = 1
for a turboshaft engine (ref. 27) or for a series DC electric motor (ref. 28) .
It takes a value «k = 1/(1 - n) for an induction electric motor or an armature
controlled shunt DC electric motor (ref. 28; n is the motor efficiency). For
a field controlled shunt DC motor, the only damping is mechanical and the
damping of the load, so k = 0 (ref. 28). For a synchronous electric motor
there is a spring on the rotational speed due to the motor, so the above model
is not applicable (ref. 28). Generally, the inertia of the engine or motor is

more of a factor in the dynamics than the damping.

The normalized engine damping and throttle coefficients are:

2
(‘ZQ* = & WYa ~ @ wig/Re - re" KPQ - KPE
e (nzusD, ¢, S, (IR RE T e R,

fe‘f = %G _ R 2R /26:

(RIS, Cnxy, 5T, Ste NI, ST,

where r is the ratio of the engine speed to the rotor speed. When the

E
throttle control is only involved in the governor, the parameters required
for Qt is not really BPE/BBt, but rather just over all loop gain of the

governor -- the torque perturbation due to a rotor speed error.

The transmission losses may be viewed as a viscous damping source, with

a coefficient equal to

W (

'—M

hyd

h

Ny

v

_213-



where n 1is the transmission efficiency. This loss can be included in the

*
engine damping coefficient rEzQQ, by increasing the factor « by A&k =1 -n,
In the equations for interconnect shaft torsion and engine shaft torsion,

structural damping can be included as well.

4.3.2 Fquations of motion.- Figure 25 is a schematic of the transmission/
engine model considered for asymmetric drive train configurations, such as for
a single main and tail rotor helicopter. The two rotors are connected by a
shaft, and the engine is geared to one rotor (rotor #1 in fig. 25). The tor-
sional flexibility of the drive train is represented by the rotor shaft springs

and K the interconnect shaft spring KI’ and the engine shaft spring KE'

Ruq M2 :
The transmission gear ratios are 1 (the ratio of the engine speed to rotor #1
speed), and r and T, (the ratio of the interconnect shaft speed to the
rotor speeds). Thus rll/rI2 = 92/91 is the ratio of the trim rotational

speeds of rotor #2 and rotor 1.

The degrees of freedom are the rotational speed perturbations of the two
rotors (@Sl and @SZ), and the engine speed perturbation ée' The engine shaft
azimuth perturbation we is defined relative to rotor #l1 rotation, so the
total engine speed perturbation with respect to space is rE(JJsl + @e). With
the rotation of the two rotors coupled by the drive system, it is more appro-

priate to use the following degrees of freedom:

\YS —_ ws.
WI. = "PSI — Ccz,/cxl\ .PS\

Here ¢1 is the differential azimuth perturbation between the two rotors. The
degrees of freedom wI and we therefore involve elastic torsion in the drive
train. The degrees of freedom &s is the rotational speed perturbation of

the drive svstem as a whole: both rotors, the engine, and the transmission.

The differential equation of motion for the rotor speed dymanics are
obtained from equilibrium of the torques on the two rotors and the engine.

'

The resultinz equations for Yoo ¢I, and ue are as follows:
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Figure 25. Schematic of rotorcraft transmission and

engine dynamics model (asymmetric configuration)
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where wsl = ws and wsz = (rIl/rIZ) ws + wI; aéd with the engine by rotor {1

as in figure 25, the constants are:

T

KM‘L = —
' Km, CKpey o+ 05, %)
3 _ Km, ﬁ:;_k.:;
mEr ¥m, """:z Ky
. =
M e Keg (V‘Mz_'.' rx.'; KI‘.) + Kam
KME = e ke fx, Cpnp iy | S
T
‘E}-\LE <:k¥ﬂz_-¥c5§i¥Ll:> -¥'¥Lhﬂlv\
| T z
KMM - le xMz + KI < (12_ KN\| -+ r:. k Mz_>
Kae = O
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2 *
The spring constants are normalized by dividing by (NIbf1>'; and IE =
IE/(NIb)l. When evaluating the derivatives of wsZ for use in the analysis

of rotor #2, it is necessary to account for the difference in time scales:

- 5¢, Cxyv 1
= — — W S+ W ~\>
\ng' Sc < <f <Enz_ s +

In these equations the gear ratio between the two rotors is a posi-

T
r11/712
tive number, regardless of the rotor direction of rotation., Therefore here

the sign of CQ is not changed for a clockwise rotating rotor.

With the engine by rotor #2, the constants in the equations of motion are:

Cf&",/f:;ci)kipﬁz. <.K4“l'+’r:i ¥LJ;>

K. =
‘ Ko, €3, K
KMIz = KML
2
Cr,_,/c,:Dz Ce kE kMM
¥ME|

(F g CKpmy + 25 KED + (5, /62,X Kpam

(r&d./fi:;f5‘ﬁfb\1€ Minnl (Tkhn\ -k-qgi ¥§I~3
e te (Ka, + o5 k) + (5, /%220 Kam

KMEL =

Figure 26 sketches a symmetric drive train configuration, as might be
used for a side-by-side main rotor helicopter. The two rotors are connected
by a cross-shaft, and there are two engines, one geared to each rotor. The
degrees of freedom of this system are symmetric and antisymmetric rotor speed
perturbations, and symmetric and antisymmetric engine speed perturbations.
Dropping the antisymmetric engine speed perturbation and antisymmetric throttle
input, the system has three degrees of freedom as for the asymmetric configura-

tions above. Let
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Figure 26. Schematic of rotorcraft transmission and

engine dynamics model (symmetric configuration),
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again, where here

rIl/r12 = 1, The constants in the equations of motion are:

I

Ko

K

1
kne = Z

I

K 268 Kx
Ko + 2—“.‘:?' KI

Kmz,

Z
kME‘ = 2 Se kEK’:
\(na'+- rh \LE
(]:'Y{i\LAA

‘Lhk'+ ‘Ef'VLE

Here the engine inertia IE is for both engines, as are the damping and

throttle coefficients (QQ and Qt)' The resulting symmetric and antisymmetric

drive train motions can then be obtained from
— L
el l

Yo = — z ¥x

as required.
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With just one rotor (as in a wind tunnel), the equations of motion for

the rotor and engine speed perturbations reduce to:

* 1Y) (33 * - .
¥ eI (W) 4 g Pn (W + D
3 (:ﬁ

rffréf ( ‘;Z 4’*&5 T) -+ r' CQ:L ( *Rs -+ W@,\B '*'\lhﬁi4 FPQ

ol
= (g G?;*. S + <PB = \)ﬁ1~u..

where here

(i? “LE ¥§h~

T
Knm + Ce k:E

Kme, =

Hence the equations for the asymmetric drive train configuration can be used,

dropping the ¢ degree of freedom and the rotor #2 torque.
I

The case of a rotorcraft in autorotation can be treated with this model
by dropping the engine speed degree of freedom (@e), dropping the engine terms
from the ws and wI equations (helicopters usually have an over-running clutch
to disconnect the rotors from the engine at zero torque), and dropping the
throttle governor control input (St). The engine out case (engine and rotors
still connected) requires dropping the engine damping term (or reducing it to
just the transmission losses contribution) and dropping the throttle governor
control input. The case of constant rotor speed is modelled by dropping the

rotor and engine speed degrees of freedom and equations from the system.
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4.3.3 Rotor speed govermor.- When the rotor rotational speed perturbation
is included in the dynamics analysis, it is usually necessary to also include
the rotor speed governor for a consistent calculation of the rotor and aircraft
behavior. The governor model considered is integral and proportional feedback
of the rotor speed to the throttle, and to the collective pitch of rotors #1
and #2. The governor dynamics are represented by a second order lag. The

control equations are thus:

"

C2e LSy + T Aét + &by - ..KPC Ws _ch\Ps

'tZ-t bo, ¥ t\. bew -+ Aaaovf‘ —_— KP‘ \i’s +k‘I| .Ps

(1Y

Nz Aa%,,,l + 'L.,_‘Aé%,,.,-z -+ Aeg...—,_ = Kp, ¥ +V~12‘+}

Note that e = @s is the rotor speed error, and ws is the integral of the
error. The integral gains are dimensionless (with © and ws both in radians
or both in degrees), and the proportional gains have units of seconds (KP/KI
is the lead in the integral control). When the throttle control is only used
for this governor model, it is only necessary that the product of BPE/BBt

and the governor gains be correct:

ot 3
e 30, — T A%,

N -

kh:e :Si;t e;&g

(P = QRQR = QEQE), or in terms of the dimensionless parameters
> Cqlea

——-.——————“

D W¢ /52

o
ke, (COL ) = - 2Salra
Te “EVL X

ke, (R@FD = _—
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The time constants in the governor equations can be alternatively described

in terms of frequency and damping ratio:

- P W
Tz & W@

., = 258

Wn

5. SOLUTION FOR THE ROTORCRAFT MOTION

The solution of the equations of motion will be divided into two parts,
based on the frequency content of the motion. The first part is the solution
for the rotor motion and the airframe vibration. This motion is periodic
with fundamental frequency & for the rotor, and NQ for the airframe, hence
it is high frequency motion. The second part is the solution for the steady
state or slowly varying airframe motion, consisting of the aircraft rigid body
and rotor speed perturbations. The assumption that this airframe motion
occurs slowly relative to the rotor speed allows the solution of the equations

of motion to be separated into these two parts.

5.1 Rotor Motion and Airframe Vibration

The equations of motion for the rotor and aircraft will be solved for the
periodic motion by a harmonic analysis method, which obtains directly the
harmonics of a Fourier series representation of the motion. After a con-
verged solution for the blade motion and airframe vibration is obtained, the
rotor performance is evaluated, including the mean aerodynamic hub reactions
(in particular the rotor thrust and power). The hub motion includes the

static or quasistatic contributions from the aircraft rigid body motionm.

The helicopter state is determined by the control positions; the flight
path angles and trim Euler angles (or test module pitch and yaw for the wind
tunnel case); the quasisteady linear and angular velocity perturbations of

the airframe; the quasisteady rotor speed perturbation; and the aerodynamic

-222~



gust velocities. The rotor motion and airframe vibration are calculated for
this state. Then the generalized forces acting on the rotor and airframe can

be evaluated, as well as the various performance parameters of the aircraft.

5.1.1 Fourier series representation.- For the case of steady state
flight, all the rotor blades execute the same periodic motion. It follows

that the blade motion in the rotating frame can be written as a Fourier series:

(W W
CON
) %3
(%)

bo (%)
(3(“ + “Z-E'l ((;N_ coovN + Rue &;M“L\s“\

3= &

n

°

pond OO R
'GY- = vfz:"° s «
0 bo (6 o
= ), -+ V?E}l ( EZ,L t1>ov\“P“‘ -+ EQ'\S éx~““\k~‘t)

where wm =y + mAy 1is the azimuth angle of the m-th blade (Ay = 2u/N,
m=1toN), and ¢ = Qt is the dimensionless time variable. The complex and
real Fourier coefficients are related by Bn = (8nc - iBnS)/Z and

en = (onc - iens)/Z for n 2 1. The complex representation is most convenient

for solving the equations of motion, while the real representation is best for

. . . k . .
interpreting the motion. The notation B(n) is used for the harmonics of the

k-th bending mode. With the modes ordered according to natural frequency,

8(1) is usually the fundamental lag mode and B(i) the fundamental flap mode.
Similarly G(E) are the harmonics of the k-th torsion mode, with 6(2) rigid
pitch and the remaining modes elastic motion of the blade. The Fourier

representation of the gimbal or teeter motion is discussed in the next section.

The degrees of freedom in the nonrotating frame are the aircraft rigid

body and elastic motion, and the rotor speed perturbations. These degrees
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of freedom are excited by the net rotor hub reactions, obtained by summing the
root forces and moments from all N blades. Ideally, the rotor hub acts as a
filter, transmitting to the nonrotating frame only those harmonics at multiple.
of N/rev. The vibratory motion in the nonrotating frame is then also periodic,

with fundamental frequency N, and can be written as a Fourier series:

o () N
= & et
%S& P:‘b 4>("°
for the body motion, and
bo “Y Ve NY
- e
o= pzz.- o Sen

for the rotor azimuth perturbation (similarly for wI and we). The static or
mean terms are obtained from the low frequency solution of the airframe

equation.

5.1.2 Gimbal and teeter motion.- The rotor gimbal motion (if present)
is in the nonrotating frame, but it is most convenient to solve an equation in
the rotating frame for the gimbal motion, along with the other rotor blade
equations. From section 2.2.18, the gimbal equations of motion are given by

equilibrium of the net longitudinal and lateral moments on the rotor hub:

*+ -

» Carn * , .
—.-"‘5 £= Zws"m d -d‘:& -+ C(.(, (56¢_ + r, (JM"\ﬁﬁc =0

1 EE? ; Cwy * 3 » =
-5 2o T2+ Cog By + Ty (Yo —DBes = O

“3'

where me is the flap moment at the blade root. All harmonics of the longi-
tudinal and lateral hub moments cancel within the hub, except those at multi-

ples of N/rev. The pN harmonics of the gimbal equations of motion are:
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where (C_) is the n-th complex harmonic of C
mx’ n mx
The flap motion in the rotating frame due to the gimbal tilt is
BG

excited, hence only the pN * 1 harmonics of BG:

1 [ CBacdpn —  (Basdpn

= BGCcosw + BG551nw. Only the pN harmonics of BGC and BGS are

]

((36->¢w-u
3 [ (e + (ﬁes\(‘n B

I

( GGB?N—\

SO

(@GC)eN = ( Gé)enq + ((;@Ben-!—l
CResd o — [ ((353‘.”_, — ((3@)9«:-“ -3

for p # 0, and
((SGCDO = 2 Re ( (36,31
(Gc.s)., = =2 <@(‘\1
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g exist,

Note that with the restriction that only the pN * 1 harmonics of G

this is equivalent to the relation

» _ (=)
$c.c. = % :4-—=\ st Ro
(gfss -— o §=‘ S‘va\a $(>

Substituting for the harmonics of BGC and BGS in terms of the harmonics of

BG’ the gimbal equations of motion give:

- [ (d C;A:\‘:N-\ 4-(’6 i’%‘s‘m“ ] + C(:; i.fN {(@c‘\i‘"-l*'(&'%ﬂJ
+2X D [ BDenn + Bedpnss 1=
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— (P ) + A EIGN By
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+ T3 3% - 95D (Badgr+ == O
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which we note are just the pN * 1 harmonics of the equation

W . % Tz
¥ a4 o e (DR, =

(except, for the effects of unsymmetric gimbal springs or dampers, and the

fact that the damping is in the nonrotating frame).

The equation for the teeter motion of a two-bladed rotor is

w‘:. e T —

2 A CQn * . 2
-3 £ YT 4 Téy + = -Dpy =0

All the even harmonics of the root flap moments cancel within the rotor hub.
The summation operator only transmits the odd harmonics to produce teeter

motion. Hence the solution for the teeter motion can be obtained by solving

the equation

Cw . - T
—¥oa * St Br o+ = Q=D e =0

for the odd harmonics (i.e., for the pN + 1 harmonics, just as for the
gimbal motion).

Thus the gimbal or teeter motion can be obtained by solving the rigid
flapping equation in the rotating frame:

¥ . T
— % f_:" + % Qo +‘-l::t<°c,"'3@e

I

o

for just the pN *+ 1 harmonics of BG. Then the harmonics of the gimbal
motion are
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from which the gimbal motion can be evaluated

) P\ Ay o
Bec = pz=:-so (@"‘)P‘" <t
b N
Bese = §__h ((5653‘»& e
and so
‘ N\ WP
(30 = Qg w5 + Bas 5“-“‘). = n:(aEN:M (QG“L

The harmonics of the teetering motion are

(§ T>“ = ( @“bv\

for the odd harmonics, from which

aW
o = @r = &, CGodne

. 5.1.3 Rigid pitch motion.- In the limit of infinite control stiffness,
the equation of motion for the blade rigid pitch degree of freedom reduces to
MFAE = 0 (see section 2.2.9), with the solution



eo = P == a"_, w(”\'-\-‘\»’a “ e\‘; %(\’4—“"3
— T W19 — ¥ B
+ Ae?“_ -t LHDvpst S

Write the total root pitch motion p, as the sum of P, and the motion due
to elastic distortion of the control system: P, = P + pd. Substituting for
Py the rotor equations of motion will be solved for the harmonics of Pq-
The case of infinite control system stiffness then requires only that the
equations for P4 be dropped from the solution procedure. Writing

= + 3 o .
P, =P, . *tPy introduces terms due to Pys» Pps and P, in the equations of
motion.

Allowance will be made for different stiffnesses in the collective and
cyclic control systems by using different natural frequencies for the collec-
tive motion (0(2)), cyclic motion (O(Cll)) , and the reactionless motion (O(i),
n 2 2). Given the collective, cyclic, and reactionless control stiffnesses,

the dimensionless natural frequencies are obtained from

2 Ke

)

|

or the natural frequencies can be specified directly.
The control system damping will be specified for the collective motion,
the cyclic motion, and for the rotating frame motion. The total damping is

+ Cp
cyc
for the reactionless modes (n 2 2).

then Cecoll + Cerot for the collective mode, Cg for the cyclic

rot

modes, and Cerot

5.1.4 Harmonic analysis solution.- A harmonic analysis method will be
used to integrate the differential equations of motion, solving directly for

the harmonics of the motion. Consider equations of the form
" k ( P
Me + kg = (8,8,%)
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where B 1s the degree of freedom, K and M are the appropriate stiffness
and mass, and g is the forcing function (usualiy nonlinear). To avoid the
singularity of the resonant response at harmonics near the natural frequency,
it is necessary to include the damping terms on the left-hand-side of this
equation. Thus the term CR is added to both sides, giving

MRE+ cfp + kB = 3+C¢ = ¥

where C is the damping coefficient. For good convergence the damping co-
efficient used should be close to the actual damping of the particular degree
of freedom, including sﬁructural, mechanical, and aerodynamic damping sources,
The damping estimate does not have to be exact however, since it is added to
both sides of the equation. In fact the actual damping in the forcing function
g will often be time varying and even nonlinear, so the viscous damping
coefficient has to be an approximation. The sole function of this damping

term is to avoid divergence of the solution near resonance, and the value of

C has no influence on the final converged solution.

Now the function F is evaluated at J points around the rotor azimuth:

F.; = F(‘P;D = 2(\)") + Q(E_,(‘PJ\

where wj = joy (3 = 1 to J and Ay = 21/J). Then the harmonics of a complex
Fourier series representation of F are

= T W
.L -— WV
W= gTF'ae’ ) K,

where

K

Il
e
<
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With Kn = 1 these harmonics would give a Fourier interpolation representation
of F(y). While it matches the function exactly at the known points F(wj)
(or with least squared-error if the number of harmonics used is less than
(J-1)/2), the Fourier interpolation gives a poor representation elsewhere,
with large excursions due to the higher harmonics. 1In particular, poor
estimates of the derivatives of the function F are obtained. With the above
values for Kn (which reduce the magnitude of the higher harmonics), and an
infinite number of harmonics (n = -»to «), a linear interpolation between
the known points F(wj) is obtained. By truncating the Fourier series

(n = -L to L) the representation of F is smoothed, the corners of the

linear interpolatiom being rounded off. Usually L = J/3 is satisfactory,
that is the number of azimuth stations should be about 3 times the maximum
harmonic of interest. The azimuth step thus should be Ay = 2nLJ1:]20/nma
degrees. Then the solution of the equation of motion for the harmonics of B

is obtained from the harmonics of F by

€.
S

where Hn =K - an + Cin.

The iterative solution, required because the nonlinear forcing function
F depends on B and é, proceeds as follows. At a given azimuth wj’ the

blade motion is calculated using the current estimates of the harmonics:

L

(3 = vgg;-l. @R‘ zdv“kpé

- Wi
- = - . Q' )
(; \Aé;; L e; "

The forcing function Fj is evaluated next. The estimates of the flapping

harmonics are then updated to account for the difference between the current

value of Fj and that found in the last revolution:
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After adding ABn to the flap harmonics Bn’ the azimuth angle is incremented
to wj +1° The calculation proceeds around the azimuth in this fashion until
the solution converges. The test for convergence is performed once each
revolution. Requiring that the root-mean-squared change in the blade motion
from one revolution to the next be below a specified tolerance, the criterion

is (AB)rmS < ¢ for all degrees of freedom, where
l-w 2
Et;t <)°I ( ““) Y ¢
= ( AQ.ﬁl -+ “i g ( <A@v\t\t+ (AﬁnsB‘ )

T
AR

"

and

ap = 0 — Pa

This test is applied to all degrees of freedom, for both the rotor and the
airframe.

In the present problem, the system of equations and degrees of freedom
can be separated into two sets: the rotor motion, consisting of flap/lag
bending, rigid pitch/elastic torsion, and gimbal or teeter flapping; and the
aircraft rigid body and elastic motion, with the engine/transmission as an
independent subset. The coupling between these sets is accounted for in the
nonlinear forcing functions. As long as the coupling is weak, it is possible
to solve the two sets of equations separately, in parallel. Within each of
these subsystems, it is necessary to solve all the equations simultaneously,
including in particular the inertial coupling on the left-hand side. Thus a
vector equation must be solved for each harmonic of the motion. The solution
proceeds as follows. At a given azimuth station, the blade motion and hub
motion are evaluated using the current estimates of the harmonics. Then the
generalized forces are evaluated, and the rotor equations are solved to update
the harmonics of the blade motion. Next the rotor hub reactions are evaluated

(for which the updated blade motion harmonics can be used), and the aircraft
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equations solved to update the harmonics of the body motion. The azimuth
angle is then incremented, and the calculation repeated until a converged

solution is obtained.

5.1.5 Motion evaluation.- To begin the solution at a new azimuth station,
the deflection, velocity, and acceleration of each degree of freedom must be

evaluated from the harmonics. For the rotor blade bending:

oo () P o [~ () w
oo BT @ E @ fle
n= - =
. ot - (h) " &0 () hh \)
= L bae = “E_':‘v\(- Buc S B WmY
: AJERWAN o () v
- = i;? 6;\&1 eé: EL“ = éif‘\z'("slt‘uit“\v~——e“‘ ﬁhmn\£;>
1} w= - wz

Similarly for the blade pitch/torsion, Py s ék’ and ﬁk are obtained from the

harmonics O(E). Note that for rotor #2 these time derivatives are based on

9] For the gimbal/teeter motion, recall from section above

2°

@e = = ‘(éc\* @‘“\P

Y= eN*l

and similarly for éG and EG'

Recalling that only the pN harmonics are excited in the nonrotating

frame, the rigid body and elastic airframe motion of the aircraft is

W e
Ksx = *jéi;a dk“ & ~+ <wi‘;3$%~r*~:.
. . %) WP -
W = “{_;N w P, e + (q'Sv)s-h-Hg.
. W WP
e = -..E-:Qn A ‘b: et
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where 9y -+« Ggq are the six rigid body degrees of freedom, and 9y for
k 2 7 are the airframe elastic modes. The steady state or slowly varying
rigid body motion contributes the static velocity terms (qsk)static (k < 6;
this motion is static compared to the high frequency rotor motion and airframe

vibration). The static elastic airframe deflection gives (q (k 2 7).

sk)static
The rotor hub motion is then

> = as = QEH&

where c¢ 1is given in section 4.2.2. Recall that in the evaluation of s
ay, and @, (for the aerodynamic analysis) the contributions of the rigid body
Euler angles ¢F, BF and wF (qsl to qs3) are not included; also the linear
hub displacements (xh, Yy and zh) are not used in the rotor analysis.

Hence o 1is evaluated due to the elastic airframe modes only (qsk’ k > 7).

The velocity and acceleration of the hub are

o = Q{iSu}
=< = ‘-i'iuz +E{§rsg}

For rotor #2, a and o are multiplied by 31/92 and (91/522)2 respectively.
Also for rotor #2, the aircraft motion harmonics are at n = pN QZ/Ql
(relative to the time scale of the nonrotating frame, Ql). We can write the

hub velocity as follows therefore:
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Hence by evaluating the hub motion as a sum of harmonics at n = pN, with the

azimuth angle of rotor #2, the time scale will be automatically accounted for.

Similarly for the acceleration

P L 2
= o - F S e ]

+ s%.— {fi’“ “’e» "M‘z

<'E;th1>*<>c ¥2

A factor of 91/92 is still required in the second term of &, to account

for the scaling of the aircraft velocity in c.
The acceleration due to gravity, considered as an equivalent linear

A<§A3 = '__%RSF-?'E

acceleration, is

For rotor #2, the factor (QZR)l/(QZR)2 is also required.

The rotor shaft angular motion perturbation is evaluated from

I
N
\ps = “14-_ s <

- . .\%q) :

Yo = G ™ %. 2 + C¥sta e
“ wAp

Y = “:Cr“’ Wi @
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From section 4.3.2, the angular motion perturbations of the two rotors are

then obtained from

H"s‘ —_— LPS
€=, |
WSL = ‘.—:-L \‘)5 + “)3’_

As for the airframe motion, the time scales of the velocity and acceleration
perturbations for rotor #2 are accounted for without additional factors of
91/92.

The solution for the helicopter trim or tramsient motion (section 5.3)
supplies the static motion of the airframe rigid body degrees of freedom
(ask for k = 1 to 6) and of the rotational speed degree of freedom (@s).
The solution for the static elastic deflection of the airframe and drive train

(qsk for k 2 7, wI, and we) is given in section 5.1.10.

The dimensionless time variable is ¢y, the azimuth angle of rotor #1.
The azimuth angle of rotor #2 is

Y2 = SS%.LP + AP,

where Aw21 is the angle when ¢ = 0 at rotor #1. Hence the analysis of
rotor #2 must account for this phase difference of the two rotors, by evaluat-
ing the blade motion, the airloads, and the hub reactions of rotor #2 at

Yy + Aw21. The phase of the time variable for the airframe motion is the same
as that for rotor #1. Note that if Qzlnl # 1 the rotors do not maintain a
fixed azimuthal phase difference. For that case the rotors will effectively

be analyzed separately however, so Aw21 = 0 can be used.
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Hence the harmonics of the rotor hub motion are obtained from the har-

monics of the aircraft degrees of freedom by the following expressions:

Ay = c{‘b,(\ns
S = ine $O03

— Wt e §4>$\0} 4 inw cC {‘b‘(:\}

(9.9

X

Il

for n a nonzero multiple of N; and the "static" components are

X S ramte c 'isu};_,_q_‘“_

I

c;’s-h-hc- C z ;45|t§$+‘+\s

Fstate = < iéfs‘gsa-.«g

— aRurke
« [

for the displacement (o and « ) the summation is over the elastic air-
n static

frame modes only; also, only the angular displacement components are required
(ax, ay, az). For rotor #2, a factor of (QZR)I/(QZR)2 is required in the

gravity term, (qsk)static is multiplied by 91/92, and the matrix c¢ 1is
multiplied by 91/92. Also, for rotor #2 the harmonics are multiplied by

._‘t\\ b“pa
e

since for the azimuth angle of rotor #2 equal to ¢, the hub motion at

Vo= MY, 1is required (only if 91 = 92). The harmonics of the rotor azimuth
perturbation are obtained from the harmonics of the drive train degrees of

freedom by the following expressions:
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or

for n a nonzero multiple of N; and the "static" components are

(™, ctathe = ©

<‘*31:>s4‘r+1c_ - <:\k=?>5**r*1g_
(¥ Ngaame = (¥ S +atc
¥ Dgtere = ¥ Dgtae

For rotor #2, (ws)static has been multiplied by 91/92; also for rotor #2
the harmonics are multiplied by

&

The blade rigid pitch motion P, requires the pitch increment due to the
governor and due to the rotor mast bending. The harmonics of the governor

pitch increment are obtained by summing the contributions from the two rotors;
and for rotor #2 multiplying by '

— na\p,,
13
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The pitch increment due to mast bending is

‘oond
8o () w=¢
= E21 ( (%5;>5§.+K_*F {;‘#k\ e \t><:k¢~q‘°'*\P

o Kns,,‘ ?w-\’\

a0 .
(‘) k'“ﬁf"j‘ﬁ‘sk VOna-DHW
o g [E A et
E ",(L) K”"*_:khs‘ e}(,(m-\\"J
RS T 2

So the harmonics are obtained from the harmonics of the airframe elastic

motion by the following expression:

. ( k*‘ “l
C‘ - L M‘l
ADpmast = - $ —
<:- -&nwd;:ld éz'l n-t 2-

(D Kiney 4t Kmsy

0o
- E§;1 ‘qu+| 2.

(k)

where ¢ n is zero except when n i1is a nonzero multiple of N, and the con-
()

vention ¢ = (qsk)static is used here. For rotor #2, the harmonics ¢(§)

are multiplied by
<

in this calculation.

5.1.6 Rotor equations.- The differential equations of motion for the
rotor degrees of freedom are given in section 2.2.18. For the n-th harmonic,

these equations take the form
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where 0(3) is the n-th harmonic of Pg» and BGn is only present for the
n=pN + 1 harmonics for gimballed or teetering rotors. From the equations
of section 2.2.18, the transfer functions matrix Hn and the forcing function

F are as follows.
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where

-— (n—-g)z w& y = PN-[-I
Bey = (a1 cz.,wda& = pN-—|
2w Ve tasr

(v - \\> '2;“"Jl=-9 sy M= (s\\)-i-l

(1) HRd | = pN-|

]

Note that estimates of the aerodynamic spring and damping forces have been
added to both sides of the equations. In the matrix Hn these terms must be
multiplied by ((J/nn)sin(nw/J))z, to be consistent with the Fourier analysis

of the forcing function F (see section 5.1.4).
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The solution for the blade motion requires the inverse of Hn for each
harmonic. One approach is to invert Hn every azimuth step. A more

efficlent approach is to invert Hn once and store the result. It will still

be necessary to update H;} occasionally however, because it depends on the

bending solution (qj terms). The blade motion harmonics should be completely
recalculated whenever H:} is updated.

Hence at each azimuth step wj the forcing function F is evaluated.

3

Then the blade motion harmonics are updated by adding the following increment:
(&)Y
n

-
-

T

A gzn = \'\: (F‘a - (?'a)% \
I

=

)]

Q).'
s

'g:o
-

5.1.7 Hub reactions.- The generalized aircraft forces due to the rotor

hub reactions are Q@ = cTF, where ¢ 1s given in section above and

F = [ﬁ,—% ‘62%’ _EE_—T- 252%* lsz‘%‘: -—‘SZ_Cﬁ]
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From the results of section above, the required hub reactions are as follows.
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These hub reactions are harmonically analyzed in the evaluation of the
vibratory airframe motion. The effeét of the summation over all N blades
then 1s to suppress the harmonics not at multiples of N/rev. An equivalent
approach therefore is to omit the summation operator and only evaluate the

pN/rev harmonics. Hence the aerodynamic forces are only evaluated for one

blade at azimuth angle .

The mean hub reactions, required in the solution for the steady state
or slowly varying aircraft motion (section 5.3), are obtained by averaging
the above results over one period. Note that only the aerodynamic terms

contribute to the mean values of the hub forces and torque.

The hub forces due to the linear acceleration of the rotor mass

2 .
v [k
3\ = —2M, e

.

2
= =

have not been included here, since the airframe inertias include the rotor
mass. For the static elastic airframe deflection, evaluated from the
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mean hub reactions, the "static" hub acceleration must be included:

AF = - 2 M t ;, static

which consists of the gravitational force, and the centrifugal force due to
the angular velocity of the body axes.

To solve the equations of motion for the engine and drive train, the

rotor torque is required in the following form:
~ N <
y & _ L g (y=
ago - N va = o,

' Wy Gy
4-:!.'.:' c;* -_— ;ZHT“.-E;[{':PNL* .,."-(31\ ]

+2 T(Td + § 20, 1R [2,5w8)

V\zw

— ¥l e + s avg

(see section 5.1.9).

5.1.8 Aireraft equations.- The differential equations of motion for the
aircraft degrees of freedom are given in section 4.2.4. For the n-th harmonics

of the rigid body motion, these equations take the form
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The forcing function is due to the rotor hub reactions

{: = {Q:}mrﬁl + gQ: }“"“'#2-

From the equations. of section 4.2.4, the transfer matrix Hn is as follows

~
_2; I*Rg_ ﬂl

W, =

| — *(V%\ﬁtiv\—g—G "M*Y\

For the n-th harmonics of the aircraft elastic motionm, the‘equation of motion

is

O
R A SV M:"’:] b = (@,

[—-Mt W+ EM:%«;"’:.“' = AV
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*
"where Qk is the generalized force due to the rotor hub reactions (k > 7).
The only aircraft aerodynamic forces included in the high frequency response

are the damping coefficients of the elastic modes (see section 4.2.7).

Only the harmonics of N/rev are excited in the nonrotating frame. The
aircraft response to each of the two rotors is evaluated separately. For the
response to the rotor #1 hub reactions, the harmonics at n = Nl, 2Nl’ 3Nl,
etc., are required. The time scale of the aircraft equations is the rotational
speed of rotor #1, so the harmonics of motion due to rotor #2 are at
n= (Qz/ﬂl)nz. For the response to rotor #2 hub reactions the harmonics at
n = (QZ/QI)NZ’ (QZ/QI)ZNZ’ (92/91)3N2, etc., are required. The equations of
the airframe motion are not solved here for the static response (n = 0). The
hub reactions of rotor #2 are evaluated as a function of its azimuth angle,
Vo3 to obtain the response of the airframe these hub reactions must be used
at ¢y = wz - Ale'

The hub reactions are evaluated at azimuth stations wj as the rotor

equations are being solved. Then the airframe vibration motion is obtained

FH5% = W {a ] = w'cf

for n a nonzero multiple of N; where

.
e E5

IV,
kwl(, » J

are the harmonics of the rotor hub reaction. The motion ¢(§) is evaluated
for excitation from rotor #1 and for excitation from rotor #2. For rotor #2

the harmonics must be multiplied by

v AW,
2\
e
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. since for the airframe motion at ¢, the hub reactions at ¢ + Aw21 are

required (only if Ql = Qz).
5.1.9 Transmission and engine equations.- The differential equations of

motion for the rotor and engine speed perturbations are given in section 4.3.2.

The equations for the n-th harmonics are

¥r
xAv\ kvf. — Q:;‘
e'&"""c
a%...»‘
e?"‘ 2

n

with the forcing function and transfer function matrix as follows.

F o= < (X %&\ + &, <3;C%XZ

with ~ \ -5 9
- 3

0 0oo0g¢

with
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The torque C. is defined in section 5.1.7. In summing over all N blades,

all the harmonics of the torque cancel except those at N/rev. Hence the

drive train equations are only solved for the n = N, 2N, 3N, etc., harmonics.

The rotor torque (y EQ/oa) is evaluated at the azimuth stations wj

as the rotor equations are being solved. Then the transmission vibratory

motion 1s obtained from

N
W 0 "
Ao, _ H C‘b ( ¥ “

for n a nonzero multiple of N; where
N BRNCS
s Bqufi.\> &
2( Sz" <T o-a ‘a -

are the harmonics of the torque. For rotor #2 the harmonics are multiplied by

;,.A&Véu

e

The transmission motion is evaluated for excitation from rotor #1 and for

excitation from rotor #2.
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5.1.10 Static elastic deflection.- The equations of motion for the static

elastic deflection of the airframe and drive train are

¥
Se
| » Y
M-: \..): jrSL = (QLBM"TQ + ea A [ x$ i: ]
Ca | (NT )2 Ce *
- ‘l'*jnl ( 5 ;:;\Bl -+‘ CoT ), ( 8 Rl + kHN“tl.kR=;==‘:>

= ¥ CJQ (°°1h.SL'); ggg

*
(from sections 4.2.4 and 4.3.2). Here Qk is the mean generalized force

due to the two rotors, and C is the mean rotor torque.

Q

Hence the solution for the static elastic airframe motion (k > 7) is

€
(Frderare = My F [(c“ P dromenr + & e p2

Gwaﬁ\‘i Fa‘s %: il

where ci is the k-th row of cT; and

&% (XN
G; = %- ?_ F - ‘2M\o o{Sh‘h.c_

is the mean hub reaction including‘the rotor mass inertial reaction. The

static elastic drive train motion is
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and yCQloa is the mean torque.

5.1.11 Two-rotor aireraft.- In the present model, the two rotors of a
helicopter can influence each other through excitation of vibratory airframe
motion. The analysis proceeds as follows (see fig. 27). The rotor amalysis
calculates the hub reactions of each of the two rotors. From these hub re-
actions, the aircraft equations of motion are solved for the harmonics of the
airframe rigid body and elastic motion. Then the hub motion can be evaluated
at each rotor, due to the forces of each rotor. The motion at each hub due to
the two rotors is summed. Then the rotor equations are solved for the rotor

motion and for the hub reactions again.

It is useful to be able to suppress the feedback of the nonrotating frame
vibration to either or both rotors. The coupling can be suppressed by
omitting the summation of the two hub motion components at one or both hubs
(the dotted line in fig. 27). The entire vibratory hub motion can be suppressed
by setting it to zero at one or both hubs (the static or low frequency hub
motion and the acceleration due to gravity should be retained however).

Suppressing the entire vibratory hub motion is equivalent to dropping the
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Figure 27. Outline of dynamic interaction of the two rotors.
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and yC,/ca is the mean torque.

Q

5.1.11 Two-rotor aireraft.- In the present model, the two rotors of a
helicopter can influence each other through excitation of vibratory airframe
motion. The analysis proceeds as follows (see fig. 27). The rotor analysis
calculates the hub reactions of each of the two rotors. From these hub re-
actions, the aircraft equations of motion are solved for the harmonics of the
airframe rigid body and elastic motion. Then the hub motion can be evaluated
at each rotor, due to the forces of each rotor. The motion at each hub due to
the two rotors is summed. Then the rotor equations are solved for the rotor

motion and for the hub reactions again.

It is useful to be able to suppress the feedback of the nonrotating frame
vibration to either or both rotors. The coupling can be suppressed by
omitting the summation of the two hub motion components at one or both hubs
(the dotted line in fig. 27). The entire vibratory hub motion can be suppressed
by setting it to zero at one or both hubs (the static or low frequency hub
motion and the acceleration due to gravity should be retained however).

Suppressing the entire vibratory hub motion is equivalent to dropping the
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aircraft degrees of freedom as far as the rotor analysis is concerned, but it

still may be useful to evaluate the aircraft vibration due to the hub reactions.

It should also be possible in a similar fashion to suppress the hub motion

due to the static elastic deflection of the airframe and drive train.

The procedure described above is based on the assumption that the entire
system is periodic, which in fact 1s true only if both rotors have the same
rotational speed (92/91 = 1). When the two rotors do not turn at the same
speed, the motion in the nonrotating frame is not periodic even in steady
flight. The most important example is the single main-rotor and the tail-rotor
configuration. In order to analyze a periodic system still, it is necessary
to neglect the mutual interference of the two rotors. The analysis proceeds
as described above, except that the hub motion of one rotor due to the vibratory
airframe motion produced by the other rotor is always suppressed (the dotted
line in fig. 27). Effectively the helicopter is then being analyzed as two
single rotor systems, except for the coupling through the aircraft "static"
motion (steady state of slowly varying, including the airframe static elastic
deflection).

5.1.12 (irculation convergence.- The blade motion will be calculated
for a given induced velocity distribution over the rotor disk, uniform or
nonuniform. When the converged solution for the blade motion is obtained,
the rotor loading (CT or bound circulation) is re-evaluated. Then the induced
velocity estimate can be updated, and the blade motion solution repeated.
This procedure continues until the root-mean-squared change in the bound
circulation from one iteration to the next is less than a specified tolerance

level:

=3 2 Zxro \ 2
L L, Aty < (¢ )

where T  1s the maximum bound circulation and the summation is over the

3
azimuth. When uniform inflow is used, the criterion is
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(o + 3 (acn + AL < (e )’

To improve the convergence of the iterative calculation of the rotor

loading and wake induced velocity, a lag is introduced in the thrust coefficient

and used to calculate Ai:

Ty = S Tvass +<‘~§BCT%

where CTold is the thrust used to calculate Ai in the last iteration, and

CTnew is the thrust calculated using that value of Ai. The factor f should

have a value equal to the thrust lift deficiency function

C

1
q
)
o
4

(see section 6.1.5). Similarly, for a nonuniform inflow calculation a lag is

introduced in the blade bound circulation used to evaluate the induced velocity.

5.1.13 Calculation procedure.- In summary, the calculation of the rotor
motion and airframe vibration proceeds as follows. The input quantities are
the linear and angular velocity perturbations of the rigid body motion; the
rotational speed perturbation; the collective and cyclic pitch control angles
of the‘two rotoré; the aircraft aerodynamic control positions; and the gust
velocity components at the two rotors. The output quantities are the general-
ized forces due to the mean hub reactions of the two rotors; and the converged

solution for the blade motion and aircraft vibration.
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The outermost loop is an iteration on the rotor induced velocity and
bound circulation evaluation. The next loop is an iteration on the rotor and

aircraft motion calculation.

One cycle of the blade and aircraft motion calculation consists of the
following steps. First the transfer matrices H:} are evaluated. Then there
are a number of cycles of successive evaluation of the rotor and airframe
motion by the following procedure. First the hub motion harmonics are evalu-
ated. Next there is an azimuth loop for the rotor. At each azimuth step the
rotor blade motion harmonics and the aerodynamic hub reactions are updated.
Next the total hub reactions are evaluated; the aircraft vibration and drive
train vibration harmonics are updated from the hub reactions; and the static

elastic deflection is evaluated.

Within the azimuth loop of the rotor motion calculation there are the
following steps. First the hub motion and blade motion are evaluated from
the harmonics. Then there is an integration over the radial station. Within
the radial station loop the blade section pitch, velocity, angle-of-attack,
and Mach number are evaluated; the lift, drag, and moment coefficients are
evaluated; and the section aerodynamic forces are evaluated. The generalized
aerodynamic forces of the blade modes are evaluated by integrating the section
forces over the blade radius, and then the blade motion harmonics are updated.

The aerodynamic hub forces and moments are also updated.

After each cycle of the blade motion calculation, the convergence is
tested by comparing the blade and airframe motion harmonics with the values

at the beginning of the cycle.

Finally, after the converged blade motion is obtained, the induced
velocity and circulation convergence is tested by comparing the rotor bound

circulation with the values at the beginning of the iteration.

5.2 Rotor Performance, Loads, and Noise

Once the solution for the periodic motion of the helicopter has been
obtained, the performance, loads, and noise of the rotor can be evaluated.
The rotor loads of interest include the tension and shear forces, bending

moments, and torsion moment at various blade radial stations; the control
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loads; the blade root forces and moments; and the net rotor hub reactions.

The rotor-induced vibration can be evaluated at various points in the aircraft.
From the rotor aerodynamic loading the rotational noise can be calculated. The
rotor loads at radial station r will be calculated by integrating the aero-

dynamic and inertial forces acting on the blade outboard of r.

5.2.1 Rotor performance.- To evaluate the rotor performance, the mean

rotor hub reactions are required:

<
= Se®; 1 4 cauy; ds \
Cap —cos. St Sy, SK¢
= - Wa._ -+ wb__
<z —— -5 é: <
= Sa i —~%
T b) o
a
o
%‘
c —caL', =
1;:*’ -
| == — S
T o

where the summation operator averages the forces and moments over the azimuth.
These quantities are directly available from the rotor analysis (see section

5.1.7), where they are used also to calculate the generalized forces acting

on the aircraft.

The rotor performance is determined in particular by the thrust and torque.
The power delivered to the rotor through the shaft is P = 2Q. The propulsive

force is the component of the net rotor force in the direction of the aircraft

velocity:

-—;)\1‘4 -4—/M:§&’ "*)ﬂkz-1-

—

il

e = —X

Ve + Mt + pg
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‘and then the rotor lift, normal to the aircraft velocity, is

ey,

J T2+ HT 4+t —x?

So L and X are the wind axis components of the net aerodynamic force of the

rotor.

The hub reactions relative to the tip-path plane are obtained by multiply-

ing the force vector by the rotation matrix

\ o (3c

where Bc and BS are the tip-path plane tilt angles. Also of interest are
the magnitude of the net force of the rotor, and its tilt angles relative to
the reference plane: @ = tan-l (H/T) and ¢ = tan—l(Y/T).

It is useful to split the rotor power according to the type of energy
loss. The induced, interference, profile, parasite, and climb power losses

are obtained as follows.

Co. = (hidcr = (iea (B2)ar
D = S\w:f'JC'r = Jhae= (2D
o = NeW/qh (2R’

o+ = —VX/3A(2eY = — Cx CV/STRD
=M CHA '*‘/Ma‘czf _+ﬂf*2 <

I
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<:4§‘ — clfw -+ <:P‘,;r‘ = p — <’C:P@ -+ C:GE::S

p = (Co, + U+ o) — <, — o,

The induced and interference power losses are obtained by integrating the in-
flow velocities over the rotor disk.

The ideal power loss, consisting of the parasite, climb, and minimum
induced losses, is defined as follows:

Trpey = hdaas +40) S — i Co 4y Sy

where

<r

2§ pepd + Oaas +p "

PV K.

1

Then the nonideal power loss, consisting of the profile and excess induced
losses, is defined as

CZ!;‘ = < ‘; <:—?§hn4;9
= (O + TP + D) — Naaa S

A measure of the rotor efficiency is the figure of merit, defined for hover as

3/2

Lt = /,J?E?
S

M =

This will be generalized for axial and forward flight to
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The ratios CPi/CT and CPint/CT may be considered equivalent induced velocities.

A measure of the excess induced losses is the ratio

=
M daa? T~

K =

and the profile losses can be expressed in terms of an equivalent section drag

coefficient:
P
" = 3 T
e = =

In forward flight, the rotor drag is defined by

‘ﬂ. 4—!>; 1>‘?¢~*

P ow _
t)r = 1:7' -1-)k = \/

or in terms of an equivalent drag area f = Dr/%pvz. A measure of the rotor
efficiency in forward flight is the rotor 1ift to drag ratio, L/Dr' Similarly
the total drag is defined as

bw — VY

and the total 1lift to drag ratio is L/Dtotal‘
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The section power loading can be split into components in a similar

fashion:

Sl —_ - Ec_l
-
AC‘P‘-/( = \g, F?!
-ar

5.2.2 Section force.- The total tension and shear forces on the blade

-l -) A
section at radial station r are F(r) = F, - FI’ where

A
RN !
c;v_ - Sr é - é‘
EA = S\‘. (Fx-e{ ""‘Erj% ~+ ‘:-z—E\Q 34.5

l

(see section 2.2.10; here E? includes the gravitational acceleration). Hence

-t

E
Sanr . TR/R
- v (FEmh+ FR+ R

L



Y
Substituting for a from section 2.2.4, the inertial term becomes

|
B RN N

r - S:-”N'LS (:%a"su“q)-:dr"c‘qur)

+ - S:';l‘"éﬁ G-
+ S:_ (Wyeee® —%gp + (%—‘cDSFAb“A‘S

-

_ g'( g Cleaow + Y s

! -

- S(v«-\ls 2y,
-—S\rgnés ((&,4—8:‘:‘3\@.\‘{/
—(5&)-—2&,3004‘4'3
N "
S EW Ty

i “
L__— Sr ‘SMA'S te
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obtained by multiplying

or

r

- My (%&W-%«WVB
-+ S: (‘o‘lz +‘1\;S —Wg\

— My (;JACM‘P".“\“‘YA&;N)\
+ 280 (g —+ ¥

+ T 2%, S:,-. e

+ S{

ol

— My E,

— S (B + 254)

— s¥ &
TSy %

— Su Qe

L

The components of the tension and shear forces in the local blade axes are

T
shear

by the rotation matrix Rxs:

-266-



K S S
Rxs = -Ic? ! -"’87:
B
L © —wt -

where

$ = Ta ( B +5¢a, —Seard) + ¥e (B — Way)
4 (2 —wR)

The force is multiplied by RB to obtain the components in the section

principal axes, where

cos® o - SO
= o ]
EB . °
L 9998 = } (») cas®

The integrals of the aerodynamic forces will be evaluated as follows:
cz.*’ $acy 6+ TAN

S &(Q\AS = ;‘L'S = I+l Sf-lb? SA")
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M

- S::. (cx + Aihcz' i=x =1
M
V=X

where I is the maximum index (over i = 1 to M) such that

- = - 2 M = =
r %Arl <r (I =11if T, lsArl r); and hi 1‘.\ri for i =1 + 1 to M,
except

A
fox = = +3Amoc g T=-jat<c

= Afy + i (t‘,,-gu}_—r>o>

The inertia constants are evaluated by trapezoidal integration over the blade

properties defined at r = (j - 1) Ar (3 =1 to M+ 1, Ar = 1/M):

x M Gl
C sy = S Sy + £ G 5D

S (f:.-f\z Cf;-r\((‘-o-ZAr—Tg\ a0
2 LHc 2. ac
M Lt
e . =
+ izx+1| §ia0 « %‘“*‘ 2-
M+
= s S
=z~
where I 1s the index (1 = 2 to M + 1) such that T, <r< r:; and
hi = Ar, except
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cfx_ -—rjl

P P 3
=t 2.5
Cozx —eN (T 4+ 2ac — D AC
& x = + =
2 aC %
= R — &r
R pa 4t par 5
Similarly
< I-2 S <
( = R BAS + A_S
\0 % %\é% = [} Srﬁ % S g‘..g:-\ g( \\
ac -2 ac
: -,
Gaa (Cx =)+ §g (6= ) JS;'\
~+ - +
Lsz ] —__?\J 2-
X ‘
= ?Z‘ g(":\ Rai
with I as defined above; and hi = Ar, except
= Z2Ac
ar Cram e 5 (£ =Fx 480D
hpa = z 2ac

5.2.3 Section bending moment.- The bending moment on the blade section

at radial station r is
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- () -t {(2)

% _ M = Y _A _ x
Ml ) - Ihgz‘l. L _ Y - -J-_‘.

- -y = -
where M(z) = MxT‘-t- le-c.= (1.1xs +-1‘cl?xs)M. As in section 2.2.7, the aero-

dynamic and inertial moments are as follows.

A g (- E-:m%

QC—

Bk oty d s ety

& £ (e 42D S' ‘( §-°3 H“’“‘ﬁ*ﬂ']xa‘wl‘s

I

ac.
~ (x2 + 2.X))|

p—

(. (§=3=3 -l _

— (s -—\oi"i\ —§- Zq's
+ S'r +(fm::l . X -ﬂzn?m-xiﬂﬂé%
Sz @RQ-3Ke
' -\-}‘xzt\)y«\

A

I
G]-II—

Substituting for the acceleration from section 2.2.4, the inertial moment

becomes:
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+ 29 X'r [‘3(‘7("' - —Tk-\teﬁ: (§~r\3 wAS
pod [ et S (32 w-x
+ §:- [ (2% —%E —¥2%)
—(e-xX%) |, ] TZ,-T?‘.' me,s

¥ (3., " (3-Smg
1% R (e koD (-Aml
L (R N AR Y s‘sq-r\«ég*
5 __;f..‘(g-nw} é_g
+ (R + B Ta + “l‘gte) S‘( (g-—\"\gwé_s
+(8e =2+ 28T § (- (2o - g,
+g—ed b, — Toe (22 -2k ~3 R ) w\l.S

+24, 0 S“ (g— L& (Sea~Sen )T
— (vea-t Cor 8543 YR ] w\A.S
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The components of the bending moment in the principal axes of the section are

then obtained by

<0 ©

— 5D
SwO

M,\
M3 Xs B

1%

' UL

®

The integrals are evaluated as described in section 5.2,2.

5.2.4 Section torsion moment.- The torsion moment on the blade section

at radial station r is

- Me
M—hcs = :[_by:‘

l
o
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- -l - -
where M= 3;8 o M= C? + (xoi + zok)') * M., As in section 2.2.8, the aero-

dynamic and inertial moments are as follows.

|}
Mea g Ma
on—a— o0 .
ac <

+ 3 S'c [(g_r)-g 4+ (x4 %D
— 2B, ] (;‘fgm+.5<,fc§-\s>
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= N R
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Then substituting for the acceleration from section 2.2.4 gives for the

inertial term:

“ -~ “ | S
b (vt T —w T - (K Ry

w23 SR G-y
+ &5 YR T IR L A

[Te (xea YAy —xg0es9)

-i:ig g (SGA‘“&GA‘j] Mé‘s
+ S:.‘=¥ [:';i:(;ﬂ'fe ‘S._.;F JE; "‘G;)‘”‘Jf;
'
+ % [?(‘: -9 (9 .
2 gc 5 _(S_rﬁ.{(.-)] ’TSLV(%T‘—NTA
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— 3O [(22 ~w®)
— (e ~%BD\¢ ] \
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The integrals are evaluated as described in section 5.2.2.
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5.2.5 C(Control load.- The control load at the blade root is given by the

moment about the feathering axis:

M
MQ»\& i -—P-él - X j‘TA — M;Al
=, ST =_

-—d
where MFA = éFA + M. TFrom section 2.2.9, the equation of motion for rigid
pitch is

Mer, —Mer, = (S;'I-e é—r\ w2 (po=e) +gge (s —0)]
A

Hence the control load can be evaluated from

-
Mo, = I—:o b -+ ZIf.'p b+ ;T—pa(r. P:

+ (I;:d + STI.P_G“‘_“\-‘). (-tﬁ(';‘:s*';’a):ti(é;*ﬁgh
Yo ((5y +2o2y) S ¥ —(3(5—2&3005 %) )

+ (S5 + % S:’.q;, Ta )'(—'ﬁt%&’t&;w"-c}«%’*\3
—I:;O S B/ ﬂ?_.__w

QL

The inertial constants are defined in section 2.2.19.
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5.2.6 Root forces and moments.- Following section 2.2.18, the forces

and moments at the blade root are
—
S ™

FN“ = . = X(Sf' -SQ c*%fG)
¥

S (521’4-»}:{)’« I A

2l
!
]
)
I
o
0
st
l
!
N
o/

Substituting for the acceleration from section 2.2.4 gives the components of

the blade root force and moment in the rotating frame:
(zs Con — MY (g Sl — Yy oD
HSE (g %) — STy,
-+ i(:_ S;:i.g (;{;~°\:\

+ :E;;P

¥ Sheo= (v S — MY (e Ty gut)
-+ 21'311 <:éiz ’F\§5i>

* 3.
-+ ib 25“'. ~T:.. kD
+SE
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The inertial constants are defined in section 2.2.19. Here the gravitational

forces is included in the linear acceleration terms, and the root reaction

forces due to the blade mass and weight are retained.

To be consistent with the Fourierlanalysis used in the equations of
motion, the aerodynamic forces must be operated on as follows. Let F be
the aerodynamic force evaluated at wj = jAy (J =1to J, Ay = 21/J). The
function F is harmonically analyzed as in section 2.1.4, and then the

function is re-evaluated (at wk = kAy) using those harmonics:
~

Gi = gg F- e}v&PK

)
™M
dr
<
s
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‘'where " (k_BA)P
= Z Kne ’
Al

|

.
>

This operation is applied to the aerodynamic load used to evaluate the section

force, the section bending moment, the section torsion moment, the control
load, and the root forces and moments.

5.2.7 Hub reactions.- Following section 2.2.18, the total force and

moment acting on the rotor hub, resolved in the nonrotating frame (the S system)

= T (q‘f -+-—-‘$s —S—_‘-&‘QB

FM T NTILST/R

I

I

~)
T\'D\,Q.J« = N:I:\:nt (CM“IA‘ * ?—‘35‘ - ga:fS\

The hub reactions are obtained from the root forces and moments by resolving

the rotating components into the nonrotating frame and summing over all the

blades:
. C
3= Sl TG y cmsW T
Cs
35%{ N — cos ¥~ 3#=;- 4+ SV 6.22{
Cr -—
= [T & ¥ f-":
Ly S ¥
Cc
3Emy —caeva F2F
bck? —_— U'SE::‘
~3= 7o



Applying the summation operator gives directly the hub reactions in the time
domain, over a period 2m/N. Alternatively, the rotating frame forces and
moments can be harmonically analyzed, and then the harmonics of the rotor hub

reactions obtained from the harmonics of the root forces and moments, by

- 3 (G dner + (Gdaad) = F (G a1 =) |
Co - ~§ L&Dy = (Gar) — £ ( (G 0a + G dun )
o | = »‘f'eu.b <53 u

Cpa — % (Qaduci = (Cadanm D

Comy — 1 ( Cadanr + (D D

—Cq \ — (Gmdan

Only harmonics at multiples of N/rev are transmitted by the hub to the non-
rotating frame. It is useful however to evaluate all harmonics of the root
forces and moments in the nonrotating frame, according to the above relatioms,

since a real rotor will not accomplish this filtering exactly.

5.2.8 Vibration.- Following the evaluation of the hub motion in the

section 4.2.2, the linear acceleration in the aircraft at an arbitrary point
A .
r 1is

Oy

o \= [FdRe T —F]§43

- 4+ FEOR) (ii)
We

(inertial acceleration in the F coordinate frame). The harmonics of the

vibration are thus
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+[Vedke © o ] i'.,et\) bon z

Dividing by the dimensionless acceleration due to gravity (g/QZR) gives the
vibration in g's,

5.2.9 Fatigue damage assessment.- The fatigue damage due to the blade
bending loads, torsion loads, and control loads is determined principally by
the mean and 1/2 peak-to-peak values. An improved estimate of the fatigue

damage can be obtained by using Miner's rule, with the method of reference 29

for counting the loading cycles.

The counting method applied to periodic loading consists of the following
steps. First all the relative minima and maxima in one revolution are

identified. The absolute maximum and absolute minimum give one loading cycle:

So =%(PW-MB:~ '\-’_‘eﬂ.sﬁ.»'\"—'-.a&,

The absolute maximum and absolute minimum are discarded then, leaving a set

of L peaks.

Consider the first group of K peaks (K = 3 or 4 usually, unless there
is a lot of high frequency variation in the loading). The 1/2 peak-to-peak
value within this subset of K peaks gives the amplitude of one loading cycle:

S;\ = %E (‘va«u, "'Gsvu;_ = %E ea‘Jk' "4‘-'eng‘k'
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Consider the next group of K peaks, using the last peak of the previous
group as the first peak of this group, to identify the loading cycle amplitude
SZ' The counting procedure continues in this fashion, taking K peaks at a
time to identify loading cycles.

Each group uses K-1 new peaks to obtain one loading cycle, so in K-1
revolutions of L peaks each, L cycles will be identified. This means that
each loading cycle identified occurs 1/(K-1) times per revolution. For
periodic data, it is equivalent to consider the L groups of K peaks,

starting at each of the peaks in the set over one revolution.

Then for one revolution of the rotor, there has been identified the load-

ing cycle

So = 3 peak —A— paak_

occurring one time per rev; and the loading cycles

Sa s 2 =V ae L

each occurring 1/(K-1) times per rev.

Miner's rule for the damage fraction is

A = g-’&j—

where n is the number of applied cycles at level S, and N is the allowable

number of cycles at level S. The S-N curve will be approximated by

C -
N = (S)Se - "
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where SE is the endurance limit; and C and M are constants depending on

the material. Hence

M
NE = "J7GT S w(S- S;E:\)

C sg

Using the loading cycles amplitude and frequency determined above, gives the

damage fraction

M L M
b = com [ (S8 + 5 £, (S5 )

for one revolution.

The damage fraction is required for an analysis of an actual rotor design,
but for more general investigations a parameter emphasizing the applied load-
ing would be useful. Often in fact the loading will be below the endurance
limit of the specific design considered, but still an assessment of the in-
fluence of the loading waveform and amplitude on the relative fatigue damage
is required. Such an assessment can be obtained by considering the damage
fraction obtained from Miner's rule for small endurance limit. In that case,

the damage is proportional to

- M s <™
B = & wS = S, + 2=t =

A more useful representative of the fatigue characteristic of the rotor load-

ing is

~
Sey = (BeD

which is the equivalent 1/2 peak-to-peak loading amplitude which would alone

give the same damage number as the actual loading.
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5.2.10 Rotational noise.- The rotational noise due to the blade aero-
dynamic loads and thickness will be calculated using the following equations

for the far field harmonics of the sound pressure disturbance.

Consider a
rotor moving through the air with velocity components

Ny )\1\3 D\'%\ = (M*) M‘)) M3) &

Using a tip-path plane coordinate frame, these velocity components are

Ny

l

(fru — Be M) SZTR
N = (fry B Mz ) R
Np = Pa = Be px — @4 py ) 2R

An observer position relative to the hub, moving with the rotor, is defined
by the components X5 ¥ and z (positive aft, to the right, and upward);

or in terms of a range So, an elevation angle 90 (positive above the tip-

path plane), and an azimuth angle wo (defined as for the rotor azimuth):

Ro = Ss CaaDo Cma 'V

\3’ = Se < 8eS, S~;~\P°

2, = Ss A

Write the blade section forces as
apy = Fappdat®
AN 2 = Fx-rpt R, ()
ape = K pp RO
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where FzTPP’ FxTPP’ and FrTPP are the section aerodynamic forces; and zz,
Qx’ and Qr are chordwide loading distribution functions. The section forces
relative to the tip-path plane are obtained from the forces relative to the

shaft axes as follows:
N .
F%TN‘ — F% _— F‘. ( (S,_ cos™ -+ Gs S\M"P\ +F~‘ (@; ws‘i’-—-&w‘l%

=

v = B — By (Busat¥— e s

E‘T» = Er - F% ( G,_ cos¥ <+ (s g...‘\PB

This loading can be written as Fourler series:

: w2t
E L (De

E?.fpe:

w Sttt
o () &

I
Mg

n

xyed NE - do

- ST
E = b4 FW\ (e )
Crep “=-%

The blade thickness distribution is written as

() = A, 200

where Axs is the section area, and a(x) is a chordwise distribution func-
tion. The velocity normal to the section, VT = Qr + szin Qit, can also be

expanded as a Fourier series
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where VO =1, Vl = (Vy - iVx)/(ZQr), and V_1 = (Vy + iVx)/(ZQr).

The sound pressure at the observor has a periodic component, which is

the rotor rotational noise:

b0 - STt
S e

for t = 0 to 21/NQ. Then the harmonics of the far field rotational noise due
to the rotor blade 1ift, drag, and thickness are:

_ (NN-QW‘N-& NSt o -L(MN—“3(W¢'"¥)
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where the argument 'of the Bessel function JmN _in is
w o S2ce cos S
Ss | — Meos §
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The sound pressure harmonics can be presented in dB:

f;;Pq_v“ = YO JZSLQT

21em\7
3

for a single sided spectrum (Pref = ,00002 N/mz). The overall sound pressure
level is

Poms \2 & 2\eal?
oOsfPL = \O M(QS = \DQ»)EJ ::'_.'8

The time history is also of interest for rotational noise.

The chordwise distribution functions for 1lift and thickness give.
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Yge

A simple and generally conservative approximation is impulsive 1ift and thick-

ness, for which ln =a = 1. Thin airfoil type loading

A = = ;___:_si

gives
_,‘m!:?' ne . — /NG
}?v1 = e [: ENEY; T) + v 3, (;E:F-\) j}

where X is the midchord distance from the spanwise axis of the blade. For
.685‘cc2 where 1t 1is the thickness

NACA 4- and 5-digit airfoil series, Axs

For these airfoils
1 'v\c'}
}_':_.L\a T=WWTF
/e S Co & é;
o

to chord ratio.
_—-i“ P=>
onw = €

where
ac= £ = W [0 - aney —asi
<
+.2843 3% — .\Qns‘g"]

A rectangular loading distribution gives
— %/ 2c |
‘}Z" = e CW S 2¢C

which might be appropriate for the drag.
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5.3 Steady State or Slowly Varying Aircraft Motion

The linearized equations of motion for the rotorcraft rigid body degrees
of freedom are

tF e
[RII*R + 22 587 +2=n (R ?s',“:] .

—

L atan ok 11 Crver B2
o 7R\ & +¢
M (\)G\ (\Ig)RQ_
t X3 F‘
-~
—
= Qperw + 7.35,.,.,_,_, + @
covoraki Coter $2 NN
$e
+ M*qE  — s (=r )
‘e
from section 4.2.4. Here
-T
g = first 3 elements of 6th row of ¢
T = first 3 elements of 6th column of .
with the matrices ¢ and cT defined in section 4.2, The terms involving

131 and I;z account for the rotational moments of inertia of the two rotors.
The rotor mass is included in the aircraft gross weight and moments of inertia.
Note that M*p = yzcw/oa. Hence if these equations are divided by 2y/a (rotor
#1 parameters), they will be in the form of rotor coefficient to solidity
ratio, with the components in the body axes (F system). When the rotor speed

perturbation is included, the equations of motion become
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(see section 4.3.2). The inertia matrix is as follows:
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*
where IR includes the rotational moments of inertia of the two rotors:

o= (FE o+ = CEY =D

L 2 S - /NI...S\L 31_
X - 5 -+

It

The solution for the generalized forces due to the airframe aerodynamics is
described in section 4.2.6. The solution for the generalized forces due to

the two rotors is described in section 4.2.5.

In the trim analysis, these equations are solved for the case of steady

state flight. The controls are adjusted until the desired operating condition
is achieved.

In the transient analysis, these equations are numerically integrated in
time. A non-equilibrium flight path is produced by a prescribed control or
gust input.

In the flight dynamics analysis, the stability derivatives in a linear
expansion of the rotor and airframe aerodynamic generalized forces are obtained

by prescribed perturbations of the body motion and controls.

5.3.1 Trim analysis.- The helicopter trim calculation determines the
control positions and aircraft orientation for the specified flight condition.
For steady state flight the perturbation rigid body motion is zero, so the
net force and moment on the aircraft must be zero. Thus the rigid body
equations of motion give six equations to be solved for the six trim variables,
consisting of the four pilot's controls (60, 6c, 6., and 6p) and the two trim
Euler angles (eFT and ¢FT)' The controls are adjusted until equilibrium
flight is achieved for the specified flight condition. For level flight
(eFP = 0) or a specified climb velocity, it is assumed that the engine can
supply whatever power is required to maintain the rotor rotational sreed.
Alternatively, the aircraft power available can be specified (such as for
power-off descent). Then there is an additional trim variable (the flight

path angle BFP) and an additional equation to be solved (the power required

equals the power available).
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The helicopter can also be trimmed in a steady turn by prescribing the
turn rate &F. A coordinated turn is obtalned if zero sideslip (wFP = () is

specified. 1In forward flight the resultant bank angle should be
[ax —;{! = w. v/
J— -« —

where n 1is the normal load factor.

Hence the trim analysis solves the equations of motion for a specified
steady flight speed and rotor speed (and possible a specified turn rate).

Setting the perturbation rigid body motion and rotational speed to zero gives
the following equations:

2 vauﬂbv—nail + ‘:?vvﬂbuﬂbdﬂ -+ GD*’JD——‘a:’ j) = O
2> tovruoc k) Cviar 2= 2

= K + 7’5 = (ViR %o

4+ 2 (Vs + Pporea, + B )
2¥ N St oror B 2. < =5
(cﬁ (T 5, \ _ (3
== (’SN::,_R’) o -2 < Pv-“:
.n‘lb

The contributions ‘to the force and moment are from the hub reactions of the

two rotors, the airframe aerodynamics, the acceleration due to the turn rate,

and the aircraft weight.

The pilot's controls are collective stick 60, lateral cyclic stick GC,
longitudinal eyclic stick Gs’ pedal Gp, and throttle 6t. The controls
of the two rotors and aircraft are related to the pilot's controls by
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YV o= VYege B+ Vo

o
where v, is the control input with all sticks centered (see section 4.1.6).

The throttle control variables (Gt and et) are not used for the trim analysis.

For some rotorcraft configurations the pilot's collective stick (60) does
not control the rotor collective pitch, rotor trim being handled by a rotor
speed governor using collective pitch feedback. In such a case the static
component of the blade pitch governor, (Aegovr)static for either or both

rotors, can be used as the trim variable in place of 60. Hence Aegovr is
-
addgd to the rotor collective pitch 875 obtained from '3; and Vo

The table below summarizes the options considered for the trim analysis.
For each case there are a number of trim variables, which are adjusted to .
achieve the target values of an equal number of trimmed quantities. In the
free flight cases, the helicopter is trimmed to force and moment equilibrium.
In the wind tunnel cases rotor #1 is trimmed to a prescribed operating condi-
tion. The trim option and the degrees of freedom representing the aircraft
can be specified independently; hence it is possible to use a free flight trim
option with an analysis of a helicopter in a wind tunnel. The options called
wind tunnel cases are however more typical of wind tunnel test configurations,
particularly with only one rotor rather than the complete aircraft. The trim
variables consist of the four pilot's controls, aircraft orientation parameters,
and wind tunnel orientation parameters. The alrcraft orientation parameters
consist of the trim Euler angles, flight path angles, and turn rate; they are
used only for the free flight cases. The wind tunnel orientation parameters

consist of the test module yaw and pitch angles.

The free flight cases include the following options. In the level flight
case the pilots controls and the aircraft Euler angles are used to trim the
six components of the net force and moment on the aircraft to zero. 1In the
climb or descent case, the flight path angle is used in addition to trim the
power required to a specified value. (In vertical flight BFP = +*90° however,

so the parameter which would have to be varied to achieve the specified power
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Helicopter Trim Options

trim variables

xo Sc Ss sP BFT *FT“)FP %‘PwF VT sT
Free Flight Cases

No trim Z Z
7, M T T T T T T
-~ -
F, M T T T T T T
- -
F, M, CP/v— T T T T T T T
-3
F, M, Cp/v- T T T T T T T
I My T T T
Fo Fo Moy Cp/r T T T T v v

Wind Tunnel Cases
No trim

cT/f T
CT/r : T
CP/v' ' T
3b' 35
CT/v-' @%' Gs

Cp /T Oy, Cyfe

N

3]
[\]
(W]
N

H 3 3 3
H 3 3 =3 3
= 3

cL/q—. cx/a-, cY/a~ T
C /e Cyfe=y Bov B, T T
(sc T
c,[/v—. B, T T
CL/v—, cx/q~ T T
cL/.- , Cx/e— T T
cL/c- , Cx/cr' v B, T T v vy v Vv v T

T = trim variable
Z = zero

aircraft velocity and rotor
rotational speed fixed
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requirements is the helicopter vertical speed.) Optionally the sideslip angle
wFP can replace the roll angle ¢FT as a trim variable. A useful alternative
is to trim the longitudinal variables only. The net vertical and horizontal
forces and pitch moment are trimmed to zero using collective and longitudinal
cyclic stick controls and aircraft pitch attitude. This longitudinal trim is
exact for the case of a laterally symmetric aircraft in a symmetric flight
condition. It is also a useful approximation which may converge better than

a full six degree of freedom trim analysis; and when neglecting the tail rotor
in the analysis.

The wind tunnel cases include the following options. The rotor thrust or
power can be trimmed with collective pitch. The rotor tip-path plane tilt can
be trimmed with lateral and longitudinal cyclic pitch. The tip-path plane is

defined as the first harmonics of the tip deflection ztip:

The = Bo + 2.:-:'\; _‘38’-"'-('3

The rotor 1lift and drag (in wind axes) and the side force can be trimmed using
collective and cyclic control. Either the drag coefficient to solidity ratio
Cx/o can be specified, or the equivalent drag area X/q (so Cx/o = (X/q)k
(V/QR)Z/Ab). As an alternative, the shaft angle of attack can be used in
place of longitudinal cyclic or collective pitch as a control variable. It is
also possible to trim only the longitudinal variables.

The trim iteration can also be omitted. In this case the helicopter or

rotor performance is evaluated for a specified control setting.

In the free flight cases, the criterion for convergence of the trim
iteration is that the net force and moment be less than a certain tolerance

level as specified by the parameter ¢:

d
[_(C-F, /) + (Cr.slr\t <+ (C(:z <Y ] 2
alo

<€
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when the power is trimmed as well. For the wind tunnel cases, the following

criterion is used:

weo \%*uas.t \ > gvv&-\)

where f = CT/O, CP/O, CL/c, CX/U, or CY/U as appropriate (with fmin = .01,

.001, .01, .001, or .001 respectively). The criterion for the flapping is
1Ge — (B D)rmuapr | < €
18s — Bl | < €

(with Bc and Bs in radians).

The trim problem is to find the values of the control variables (%) such
that the target values of certain trim quantities dt) are achieved. The
complex, nonlinear equations involved require an iterative solution procedure.

A first order expansion of ﬂ(\‘?) gives

~%

. N -3 FRL N M - -
M“’M.‘n = Mﬂ*' M“ -4 —'\; (V“+|—VV\3

I12

or
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Va4r = VYm + (5-‘ (Ma—-/e\nw‘:

The partial derivative matrix required is

L [ Yo ] : [ RO -Mk-29) ']

- v v Av;

The factor F 2 1 1is included to avoid overshoot oscillations in the trim
iteration by reducing the step size.

- -
The matrix D 1 is constructed as follows. First Mold is calculated
using the initial values of 7. Then each control vy is decreased by the
el
increment Avi, and Mnew is calculated; then the i-th column of D is

given by

-J «
< M i "'_’e‘o.QDX /AV'L

and the control is restored to its initial value. Finally the matrix D is
inverted, and all elements multiplied by the factor F. The partial derivative
matrix can be recalculated occasionally as the iteration proceeds, to improve

the convergence. Generally a step size of about A = 1 degree is satisfactory

for all control variables.

5.3.2 Transient analysie.- The helicopter transient analysis involves
numerically integrating the equations of motion for the rigid body and rotor
speed degrees of freedom. A non-equilibrium flight path is produced by a
prescribed control or gust input as a function of time. The assumptions of
this analysis are that the aircraft motion is slow compared to the rotor

speed, and that the perturbed rigid body motion is small. The assumption of
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 quasistatic body motion allows the periodic rotor motion solution to be used
with the transient analysis. The small motion assumption arises because it
was assumed that the perturbation rotor hub motion is small; it is consistent

therefore to integrate the linearized equations for the rigid body motion.

The degrees of freedom considered are the six linear and angular rigid
body motions (xF, Yo Zpo ¢F’ eF, wF) and the rotor speed perturbation (ws).
The input parameters are the aircraft controls (50, éc’ Gs’ dp, Gt) and aero-
dynamic gusts. Optionally aﬁy of these degrees of freedom can be held constant.
The transient analysis with all seven degrees of freedom fixed produces the

rotor response to control and gust inputs. The equations to be integrated are:

e |** f Aﬁwww
13
| e = ;52353n1au_
'3
¢ Ca (NS ). =
2‘: ._—4A(B ) T vz RY, A(G""‘Bz J
Wy
e |
-+ o $r \ be
M (V) Re | o¢ - G (ar

where Aa. is the rotor and aerodynamic generalized force, less the trim
value; and ACQ is the rotor torque, less the trim value. The initial
conditions are zero (except for @F when the helicopter is trimmed in a

steady turn).
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The transient rotor speed perturbations will produce throttle and rotor

collective pitch increments due to the governor:

20, = — Re oo —Fx W

and

(A%""’>s+-+m = (&Pgor i + ke ¥, +ka®

for rotor #1 and rotor #2. The rotor azimuth perturbation ws will also

produce cyclic pitch increments due to the trim swash-plate tilt:
ASic Sy
= “Ygq _
Aa‘s - O ATV

For rotor #2 these cyclic pitch increments must be multiplied by 92/91. An
autopilot is also included, since the transient rigid body motions can be

divergent in some flight conditions:
ae, = Ky (e +©p)
Aﬁb84; = --‘l:. ( 11& dDF' -+ *’f.)

Hence the pilot's control positions consist of the trim setting, the transient

term, and the autopilot term; and the individual control positions are obtained

from

N KN - - 3 S
v = CEE ( ‘VP . -&-‘UPl . -}‘V}qn*‘é\tt ~+ Vv,

SN
with the governor contributions added to the elements of v as required.
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The transient calculation begins with the trim solution, at time t = 0.
The pilot's controls or gust input are specified as a function of t. The

equations of motion above are in the form

L3 ]

"= %(*3\3)\\3>

A fourth order Runge-Kutta method will be used to numerically integrate these

equations from time ¢t to time t = t <+ h:
n n+l n

K, = ’Ht“ > '3“5 2 X

Ke = Slen+3% gyt "%."3""?':'{“")i‘af"“"zk'3
Staa i, yo +4u 4-%\&. )‘.‘x*‘"'";‘,kz\
k, = !;('t.,.+&> ‘3“*2':6“‘"'95&3 3 %m -"&\lg)

~
W
h

z
Yasr = '3“-'-»?»%“ -+ %; (k,+Kk,+ k33 -+ D(L;3
Yner = '.3'“ -+ % (k,+2k1+zk3+kg>

Note that it is necessary to solve for the periodic rotor motion four times

per integration step.

5.3.3 Flight dynamics analysie.- The flight dynamics analysis here con-
sists of a calculation of the helicopter stability derivatives and an analysis
of the resulting linear differential equations. As for the transient analysis
it is assumed that the body motion will be slow (compared to the rotor rota-
tional speed), so the quasistatic rotor solution can be used. The assumption
that the perturbation body motion has small magnitude is here consistent with

the stability derivative representation of the rotor.

The equations of motion are the same as considered for the transient
analysis (section 5.3.2). Here the rotor hub forces and the aircraft aero-
dynamic forces are expanded in terms of the stability derivatives. By making
successive perturbations to the inputs for the rotor and aircraft analysis,

the generalized forces can be expanded as follows:
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The coefficients of the matrices are the aircraft stability derivatives.

There are contributions from each rotor, and from the wing/body, horizontal
tail, and vertical tail. The airframe terms include the effects of the rotor-
induced interference velocities. The result for AC is similar (rotor

Q

contributions only). The gust velocity here is uniform throughout space.

The rotor speed governor, defined by the following control laws

2;59‘: == -—’.ibc'kpk '——-kq:c_\%s
(Aeaoqu‘ _— Ke. .‘35 -+ KI. Ys

(Aeaﬂ“>2 = KP-‘ \i's -+ K:.LWS

will be directly included in the stability derivatives. It is also necessary

to account for the cyclic pitch perturbations due to the rotor azimuth
perturbation:
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For rotor #2 these cyclic pitch increments must be multiplied by 92/91.

The result is a set of linear differential equations of the form

A,_:i +AN% 4+ Ay = Bv 4+ 8V ¢ Qg}(

describing the flight dynamics of the aircraft.

The state vector x consists
of the rigid body and rotor speed degrees of freedom:

o= [h o W% w y o %)

- The control and gust vectors are defined as follows

| -y
~ — [ (aa O.c Ois rotoe # 1 (6, S S.s\“w*z S& SC 8‘ 8"‘a"-]

Teeg VO

I

I
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(the gust components are in wind axes). Optionally any of the degrees of
freedom can be omitted from the analysis. Using these equations the helicopter
flying qualities can be examined, in terms of the eigenvalues and eigenvectors.
The transfer function (pole-zero set or frequency response) or the transient
response to a prescribed control or gust input can also be obtained. The

transient response can be calculated by numerically integrating the equations

X = __-A;'A,i —A—z' Ax + A;_' Beve + A7 8.9

in a manner similar to the transient analysis (see section 5.3.2). 1In this

case only a gust that is uniform throughout space can be considered.

The stability derivatives are obtained in body axes (the F system) rela-
tive to the aircraft center of gravity. There are contributions from each of
the rotors, and the aircraft aerodynamic components (wing/body, horizontal
tail, and vertical tail). The following notation is used for the stability

derivatives.

Equation Notation Variable Subscript

* .

roll moment IxL ¢F P
* N

pitch moment IyM .F q
* .

yaw moment IzN wF T

longitudinal force M*X iF u

lateral force MY &F v

vertical force M*Z éF w
‘I* .

torque RQ ws a

The aircraft inertias are introduced so that the coefficient of the highest
time derivative in an equation is unity. The derivatives are defined with

positive signs on the right-hand side of the equation of motion.
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Application of this procedure to the wind tunnel case will give the wind

or shaft axis derivatives of a single rotor alone.

5.3.4 Transient gust and control.- Transient gust and control inputs are
required when the equations of motion are integrated for the transient or
flight dynamics analysis. The pilot's control increment E#; is required at
time t. A simple form is

Zﬂias - :Z>° <::<Te\>

-
where vpo is a constant vector and C is a scaler function of time. More

generally, the control input can be a function of the aircraft motion as well.

The gust velocity E?= (uG Vs wG)T (in wind axes) is required at the
time t, at the location of both rotors and the airframe aerodynamic components.
Consider a convected gust field, defined by a function G(xg, yg, zg). The
gust coordinates have origin at the center of gravity whem t = 0. The air-
craft velocity is Va’ in the x (wind axis) direction. The gust field has
velocity Vg in the negative xg direction; the gust is coming from azimuth
angle wg relative to the aircraft (see fig. 28). Hence given the position

r (in wind axes), the location in the gust field is

_-XiDQSNﬁ; B ‘}’v“\aa' —t (‘Va —-\Ll§°‘\v%\>1:

X
'

3% = | ;‘..\\’3 —_— éus‘\’a -—(\I. fm-‘?s\t
Lo 2

The position vector for the wind/body 1s

-
;e - Ei;?\, ;ELJG>
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—
with TuB in the F frame, relative to the aircraft center of gravity; the

position vectors for the horizontal tail, vertical tail, and rotor hub are

obtained in a similar manner. The positions on the rotor disk are

v = fi;; (G éng (Cens® By o rom? 35 \\)

(neglecting the tilt of the tip-path plane relative to the hub; the sign of
the 3; component is changed .for a clockwise rotating rotor). A one-

dimensional convected gust field is defined by

Note that the gust is convected at the rate V_  relative to the aircraft if

Va is not used, and at a rate Vg relative to the fixed frame if Va is

used. With Vg = 0 the gust field is stationary (relative to the aircraft

or the earth if Va is not or is used).

Alternatively, a uniform gust field can be used, which is a function of
time only. A simple form is

TS(: a, G(‘t\

where g, is a constant vector and G 1is a scaler function of time.
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Figure 28. Convected gust description.
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5.3.5 Caleulation procedure.- The solution for the rotorcraft aero-
dynamics and dynamics proceeds as follows. The job begins with data input and
initial calculations. Next the trim solution is obtained. Then the aero-
elastic stability analysis, flight dynamics analysis, or transient analysis is
performed as required. An old job can be restarted in any of these four tasks
(trim, flutter, flight dynamics, or transient).

In the trim analysis the controls are iterated until the required operat-
ing state is achieved. Sincé the nonuniform inflow influence coefficients
depend on the rotor thrust (through the wake geometry) it is necessary to
iterate between the influence coefficient calculation and the trimmed motion
and forces calculation (unless the rotor thrust is specified as part of the
definition of the required operating state). The trim analysis is performed
first for uniform inflow, then for nonuniform inflow with a prescribed wake,
and finally for nonuniform inflow with a free wake geometry. After obtaining
the trim solution, the aircraft performance and loads can be calculated (this

is the trim restart entry point for an old job).

In the transient analysis, the rigid body equations of motion are numeri-
cally integrated. At each time step there is an iteration between the non-
uniform inflow influence coefficient calculation, and the calculation of the

rotor and alrframe motion and forces.

In the flight dynamics analysis, the stability derivatives are calculated
and the matrices are constructed that describe the linear differential equa-
tions of motion. At each motion or control increment in the stability deriva-
tive calculation there is an iteration between the influence coefficient
calculation and the calculation of the motion and forces. Finally the system

of linear differential equations 1is analyzed (optionally including a numerical

integration as for the transient analysis).

In the flutter analysis the matrices are constructed that describe the
linear differential equations of motion, and the constant coefficient or
periodic coefficient equations are analyzed. Optionally the equations are
reduced to just the aircraft rigid body degrees of freedom by assuming quasi-

static response of the other degrees of freedom, and the equations are

analyzed as for the flight dynamics task.
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6. AEROELASTIC STABILITY

The objective of the aeroelastic analysis is to derive a set of linear
differential equations describing the perturbed motion of the helicopter from
the trim flight condition. The stability of the system is defined by the

elgenvalues of these equations.

6.1 Rotor Model

The differential equations of motion for the rotor blade have been
deirved in section 2.2,18, Here it is necessary to linearize the inertial

and aerodynamic forces in these equations.

6.1.1 Rotor degrees of freedom.- The rotor blade motion is described by
coupled flap/lag bending, rigid pitch and elastic torsion, and optionally the
gimbal pitch and roll motion (or teeter motion for the two-bladed rotor case).
The blade degrees of freedom are written as the sum of trim terms and pertur-
bation terms. The trim solution is described in section 5.1; the perturbation
motions are the degrees of freedom for the aeroelastic analysis. 1In particu-

lar, the generalized coordinate of the i-th blade bending mode is written
qq}' = CT;*‘;" - ‘}Er_
or for the bending deflection

(2 — %D = (T— wB )+

1

3T

After substituting for s the delta notation Indicating the perturbed

motion can be omitted.

The rotor equations of motion have been obtained in the rotating frame,
with dégrees of ffeedom describing the motion of each blade separately. 1In
fact, however, the rotor responds as a whole to excitation from the nonrotat-
ing frame -~ shaft motion, aerodynamic gusts, or control inputs. It is
desirable to work with degrees of freedom that reflect this behavior. Such a
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representation of the rotor motion simplifies both the analysis and the under-
standing of the behavior.

The appropriate transformation to obtain the degrees of freedom and
equations of motion in the nonrotating frame is of the Fourier type. There
are many similarities between this coordinate change and Fourier series,
discrete Fourier transforms, and Fourier interpolation; the common factor is
the periodic nature of the system. A Fourier series representation of the
blade motion is appropriate for dealing with the steady-state solution
(section 5.1.1). Here we are considering the general dynamic behavior,
including transient motions; hence the Fourier coordinate transformation is
required. This coordinate transformation has been widely used in the clas-
sical literature, although often with only a heuristic basis. For example,
it has been used in ground resonance analyses to represent the rotor lag
motion (ref. 30) and in helicopter stability and control analyses for the
rotor flap motion (ref. 31). More recently, there have been applications of
the Fourler coordinate transformation with a sounder mathematical basis
(e.g., ref. 32).

Consider a rotor with N blades equally spaced around the azimuth, at
wm = ¢ + mAy (where Ay = 27/N and the blade index m ranges from 1 to N).
Hence ¢ = At 1s the dimensionless time variable. Let q(m) be the degree
of freedom in the rotating frame for the m-th blade, m = 1 to N. The Fourier
coordinate transformation is a linear transform of the degrees of freedom

from the rotating to the nonrotating frame. Thus the following new degrees
of freedom are introduced:

9,

%“”‘) cas WP

3"‘“’&%“‘{"
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Here Bo is a collective mode, BlC and Bls are cyclic modes, and B is

N/2
the reactionless mode. For example, for the rotor flap motionm, Bo is the
coning degree of freedom, while BlC and BlS are the tip-path plane tilt

degrees of freedom. The inverse transformation is

q(“) = e+ “Z: ( Brccos WP + Bus o “w*) + Bz "

which gives the motion of the individual blades again, The summation over
n goes from 1 to (N-1)/2 for N odd and from 1 to (N-2)/2 for N even.
The BN/Z degree of freedom appears in the transformation only if N 1is

even. The corresponding transformation for the velocity and acceleration are

f

= g+ T [(Bat mBudemen
.;_(é“s -V\@\n:} i, ) —+ Qup -y

" e (VV\\

= @“ * ?E (Bae 29 Bus — Bu) o8 Wi
+ C gns —_ Z\ﬂém‘- @an\mm‘Pﬁ ]+ ?‘le(-qY

Note that transformation to the nonrotating frame introduces Coriolis and
centrifugal terms. ‘

The variables , and BN/Z are degrees of freedom, that is,

Bo’ Bnc. an s
functions of time, just as the variables q are. These degrees of free-

dom describe the rotor motion as a whole, in the nonrotating frame, while
q(m) describes the motion of an individual blade in the rotating frame. Thus

we have a linear, reversible transformation between the N degrees of free-

dom q(m) in the rotating frame (m = 1, ..., N) and the N degrees of

freedom (Bo, Bnc’ an, BN/Z) in the nonrotating frame. Compare this
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coordinate transformation with a Fourier series representation of the ‘steady-
staté solution. In that case, q(m? is a periodic function of wm, so the
motions of all the blades are identicial. It follows that the motion in the
rotating frame may be represented by a Fourier series, the coefficients of
which are steady in time but infinite in number. Thus there are similarities
between the Fourier coordinate transformation and the Fourier series, but
they are by no means identical.

This coordinate transform must be accompanied by a conversion of the

equations of motion for q(m) from the rotating to the nonrotating frame.

This conversion is accomplished by operating on the equations of motion with
the following summation operations:

p S
LZ() TE6G sy, 2T (DG, Lo Hen~

The result is equations for the Bo' Bnc’ an, and BN/Z degrees of freedom,
respectively. Note that these are the same operations as are involved in
transforming the degrees of freedom from the rotating to the nonrotating
frame. Since the operators are linear, constants may be factored out. Thus
with constant coefficients in the equations of motion, the operators act only
on the degrees of freedom. By making use of the definition of the degrees

of freedom in the nonrotating frame, and the corresponding results for the
time derivatives, the conversion of the equations of motion is then straight-
forward., Complexities arise when it is necessary to consider periodic coef-

ficients, such as due to the aerodynamics of the rotor in nonaxial flow.

The total force and moment on the hub have been obtained by summing the
- contributions from the individual blades. The result is operators exactly of
the form above, for obtaining the total hub reaction in the nonrotating frame
from the root reaction of the individual blades in the rotating frame. The
'origin of the summation operation is clear, and the sinwm or coswm factors
arise when the rotating forces are resolved into the nonrotating frame. 1In
fact, the equation conversion operators in general may be viewed as simply

resolving the moments on the individual blades into the nonrotating frame.
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The Fourler coordinate transformation is often associated in rotor
dynamics with the generalized Floquet analysis. The latter is a stability
analysis for linear differential equations with periodic coefficients.

Indeed, there is a fundamental link between these toplcs because both are
associated with the rotation of the system. They are, however, truly separate
subjects -- either can be required in the rotor analysis without the other.
For example, a rotor in axial flow on a flexible support (or with some other
relation to the nonrotating frame) requires the Fourier coordinate transforma-
tion to represent the blade motion, but is then a comstant coefficilent

system. Alternatively, for the shaft-fixed dynamics of a rotor in forward
flight, a single-blade representation in the rotating frame 1s appropriate,
but there are periodic coefficients due to the forward flight aerodynamics
which require the Floquet analysis to determine the system stability.

For the present investigation, the degrees of freedom to be transformed
to the nonrotating frame are blade bending, blade pitch, and gimbal motion.

The nomenclature for the corresponding degrees of freedom in the rotating

and nonrotating frames are as follows:

rotating nonrotating

(> S QK D)
bemdng ﬁ'\ (2., Gm @-\s (‘ w2

() ) QY )W)
torsion . eé One ©Ows OSwrz

gimbal @6 ea. @Gc. @GS

The notation B(i) is used for the 1i-th bending mode in the nonrotating
frame. With the modes ordered according to frequency, B(l)
2 the fundamental flap mode. Similarly,
is the i-th torsion mode, with 6(0) rigid pitch and the remaining

modes elastic torsion. The collective and cyclic modes (0, 1C, 1S) are

is thus usually

the fundamental lag mode, and B
5 (1)

particularly important because of their fundamental role in the coupled

motion of the rotor and the nonrotating system. When the transformation of
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the equations and degrees of freedom is accomplished, for axial flow there

is a complete decoupling of the variables into the following sets:

(a) the collective and cyclic (0, 1C, 1S) rotor degrees of freedom
together with the gimbal tilt and rotor speed degrees of freedom

and the rotor shaft motion

(b) the 2C, 28, ..., nc, ns, and N/2 rotor degrees of freedom (as
present)

Thus the rotor motion in the first set is coupled with the fixed system,
while the second set consists of purely internal rotor motion. Nonaxial
flow couples, to some extent, all the rotor degrees of freedom and the fixed
system variables, primarily due to the aerodynamic terms; still the above

separation of the degrees of freedom remains a dominant feature of the rotor
dynamic behavior.

For a two-bladed rotor, the blade bending degrees of freedom are coning
and teetering type modes:

2

B=% 2,17 = 7(q" +9")
Z ) - 2 .
B £, A= 4 =D

The pitch/torsion degrees of freedom eo and e1 are similarly defined.
The teetering degree of freedom BT is also included for the two-bladed

rotor (in place of the gimbal degrees of freedom). The teetering motion is
defined in the rotating frame, hence

.
Be = B+ (=1
8 = ©
The special characteristics of the two-bladed rotor dynamics are reflected

in the appearance of the teetering-type degrees of freedom (Bl, 91, and BT)'
rather than the cyclic motions (1C and 1S) as for N > 3. The coning and
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teetering equations of motion are obtained by applying to the rotating frame

equations the following operators:

v T 6D el "R G Y E N,

6.1.2 Rotor equations and hub reactions.- The equations of motion for
the coupled flap/lag bending and for elastic torsion/rigid pitch motion of
the blade in the rotating frame (section 2.2,18) are linearized for the

aeroelastic analysis. The result is:
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where

a—

Pf - 9\;“5\"4«— —+ 9\5 “V“qw —}LQ&“_ -l'-@mf

— TR — Ve Be + Epaiva - )Y,

The inertia constants are defined in section 6.1.3. Only linear lag damping

has been considered here, and for convenience the lag damper term is included

%
in the coefficient quii' Introducing the Fourier coordinate transformation

for the blade degrees of freedom, the rotor hub forces and moments derived in
section 2.2.18 become:
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The equations of motion for gimbal tilt and roll, or for the teeter motion
of a two-bladed rotor, are obtained from

z‘:ha

1
* - x _
3 o= -+ =J e Goc + Lo (Qec-’3€‘5C =0

e ¥* .
S 4w s Ges (9, -DRs =0
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(section 2.2,18). Also, for a two-bladed rotor, the hub reactions take a
somewhat different form:

—Z& *U‘&X\M”ZME&
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The aerodynamic forces required are
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6.1.3 Inertial constants.- The inertial constants for these linearized
equations of motion are obtained from the constants defined in section
2.2.19 as follows:
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6.1.4 Aerodynamic forces.- The blade section forces and pitch moment as
derived in section 2.4.1 are:

_ < <s \ <
&—.':, - u(k*é'—k"?&)%
H = Ll & +ue2HE
o O
F; — (}~LA :Sé \j>'£E_

- <o

2
e = W R+ We s 4 M)y &

Each component of the veloclty seen by the blade has a trim term and a small
perturbation term, so we write

1= =p> S —+ ébEB
Ur => u~ + %“1‘

up =p- up + dup
e =>- uwg + Sug

It follows that the perturbation of angle of attack, resultant velocity, and
Mach number are:

SA = &O — (ux&up —wp Suyd /u”
SWh = C(u~rSur + wp ) U
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and the perturbations of the aerodynamic coefficients are

S = %—fﬁ‘Sd'-{— aa% SM = SR Sd~+thSM

with similar results for c and cq The perturbations of the section aero-
dynamic forces may then be obtained by carrying out the differential operation
on the epxressions for Fz’ Fx, Fr' and Ma’ using the above results to express
the perturbations in terms of 686, GuT, GuP, and GuR. The coefficients of

the perturbation quantities are evaluated at the trim state. The results for
the perturbation forces are:
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The blade trim velocity components are defined in section 2.4.2. The
perturbation velocity components are due to the blade degrees of freedom, the

shaft motion, and the aerodynamic gust velocity:
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The gust velocity components are here assumed to be uniform throughout space.
Perturbation inflow components Au’ Ax' and AY have been inciuded in Gup
(see section 6.1.5). Recall that the body Euler angle contributions are not
included in the evaluation of ax, ay, and az here. The perturbation quanti-

ties required for the unsteady pitch moment are
.S ! Y
= éE~ AR SR o VY 8 . ./
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(see section 2.4.8). The derivatives of the blade section aerodynamic coeffi-
cients with respect to angle of attack and Mach number are obtained from
steady, two-dimensional airfoil characteristics with corrections for tip flow,

yawed flow, and dynamic stall effects, as described in sections 2.4.4 and
2.4.7.
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Combining the expansion for the section forces and moment in terms of
the velocity perturbations, and the velocity in terms of the motion of the
rotor and shaft, the perturbation aerodynamic blade forces expanded linearly
in the degrees of freedom are obtained. Giving names to the aerodynamic
coefficients at this point in the analysis, the results for the required

aerodynamic forces on the rotating blade are as follows. The aerodynamic

force for flap/lag bending is:
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The aerodynamic force for blade torsion and pitch is:
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Finally, the aerodynamic hub forces and moments are similar to the result

for the blade bending, but with the following changes in the integrands and

notation:

Integrand Coefficient Notation
Flap moment er M
Torque rFx Q
Blade drag force Fx H
Thrust F T



Combining the results for the expansion of the aerodynamic forces and the
expensions of the velocities, the aerodynamic coefficients can be evaluated.
The aerodynamic coefficients are constant for axial flow, but for nonaxial

flow they are periodic functions of ¢ . The coefficients for flap/lag bend-
m

ing are:
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"The aerodynamic coefficients for the flap moment are
{
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The aerodynamic coefficients for the other hub forces and moments follow the

pattern of the flap moment, with the following changes in the notation and

integrands:
Integrand Coefficient
Flap moment er M
Torque rFx Q
Blade drag force Fx H
Thrust F T
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The radial force coefficients are
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6.1.5 Inflow dynamics.- The aerodynamic forces on the rotor result in
wake~-induced inflow velocities at the disk, for both the trim and transient
1oadings. The wake-induced velocity perturbations can be a significant
factor in the rotor aeroelastic beha#ior; an extreme case is the influence
of the shed wake on rotor blade flutter. The rotor inflow dynamics should
therefore be included in the aeroelastic analysis. However, the relationship
between the inflow perturbations and the transient loading is likely more
complex even than for the steady problem (nonuniform wake-induced inflow
calculation), and models for the perturbation inflow dynamics are still under
development. In the present analysis, an elementary representation of the
inflow dynamics is used. The basic assumption is that the rotor total -
forces vary slowly enough (compared to the wake response) that the classical
actuator disk results are applicable to the perturbation as well as the trim

velocities.

A contribution to the velocity normal to the rotor disk of the following

form has been included in GuP:

éﬁbkp = \xub -+ \\, « cas ', -+-‘k:)r‘£¥u\+z~

where Au is the inflow perturbation component uniform over the disk, while
the Ax and Ay components vary linearly over the disk. The inflow dynamics
model must relate these inflow components to the transient aerodynamic
forces on the rotor, specifically to ﬁhe thrust, pitch moment, and roll

moment; and to the transient rotor velocity perturbations dux, 6p_  and Guz.

14
Following reference 33 we use:
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Here we have included linear velocity perturbations due to the thrust, con-
sistent with the trim inflow model of section 2.4.3, which gives expressions
for the constants Ko and Ky. These relations for the inflow perturbations

imply the following 1ift deficiency functions:
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(see ref. 33). A time lag in the inflow response to loading changes will
also be included:

2 W D <
[ ]
L0 VO B N x - L Sy
‘;A)H> \“2 C}A,
using T = Kp 81/8T and T = XM 6A/6M, with the constants Kp = .85 and

Ky = .11 (refs. 34 to 36). These relations give a dimensional time lag of

T = ,22/AQ in hover, and in forward flight T = .42/uQ and Ty ™ .22 /u8.

The effect of the ground on the inflow dynamics is to add a perturbation
due to changes in the rotor height above the ground:

)
S)\—SESE

As for the trim inflow analysis, the result of reference 4 for the ratio of

the induced velocity in and out of ground effect is used:
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which gives

a\ _ N cosle
2z ? 23

Expressions for cose and z are derived in section 2.4.3. Since 6)/6z > 0,
ground effect introduces a positive spring to the rotorcraft flight dynamics.
A decrease in the rotor height above the ground produces a decrease in the
induced velocity, hence a rotor thrust increase that acts as a spring against
the vertical height change.

For the side-by-side helicopter configuration, the antisymmetric dynamics
exhibit an unstable roll oscillation due to interaction of the rotor wake
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and ground. Such behavior can be included in the ground effect model derived
here by using a negative value for ©&X/8z (a negative roll spring), which must
be obtained from experimental data. In this case the inflow perturbations

of the two rotors are related to the symmetric and antisymmetric height

perturbations:
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where Gzl and 6z2 are the height perturbations at the two rotor hubs. A

form applicable in genéral is

)\ B).3
N, = D, oz, + 2212 22
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including the factor R1/R2 since the hub motion is normalized using Rl'

Finally, the rotor/rotor interference is included in the inflow dynamics
model, using the same interference factors K19 and Kpy 88 for the trim

induced velocity model (see section 2.4.3).

In summary, the differential equations for the inflow perturbations

A and X are:
X y
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for rotor #1 and for rotor #2. The coupled equations for the uniform inflow

perturbations of the two rotors are:

(k"" %\l &u. M,
. -+
(l? g—}rBz \u'l. . \“z

2C-r
[ @[ @ O
(),
Koy o - 2c
3'(?*33 ! : 3 (5= *w2
)\ RS
N RO R =0
I\ R; 232; R: Si&...swz

The velocity perturbations 6ux, Guy, and Guz are required for

Z_CZ - x2& (chrlr%n P g L _
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In shaft axes, the shaft motion and gusts give

S/‘y = '——-Y.A —_ W
é/“} = W =+ v
é/‘-z = e T Wwe

The rotor height perturbation 62 is obtained from the vertical component

of the displacement at the rotor hub:

§2 = ——\2&- (wyts + \‘gu'gs -&—-‘Z;L’ﬁs\
= —%. - ( ‘?.éu(?m\%..S

expressing the hub motion in terms of airframe degrees of freedom. For the

rigid body degrees of freedom the mode shapes are:
- .? -
[f.“‘ bl = [("‘_M\‘Bkb P ]
(section 4.2.1). Hence
- SQ = ("'28».8 oL Dy 9"“4’(:1' ""alu..\ cos Ve c"“i’FT} ch

~+ ("%M SOy W\PFT — \a‘,‘_ﬂ $4v Dpr Suu#p-r—
—Rps Sasdfy D OF

4 (—SOerd¥%e (cosScy Smer)YF

+ %‘;;, -ﬁﬁ"i(?&d\ c-\sk
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. Note that a spring is introduced into the Zp equation (if cosBFTcosdJFT ¥ 0),

and also possibly into the Yp and Xp equations.

The time lag is often not an important factor, so a quasistatic model
for the inflow dynamics is generally sufficient. Dropping the time lag terms,
the equations for Au’ Ax’ and Ay reduce to linear algebraic equations.
Hence in the quasistatic case the inflow perturbations do not increase the
order of the system. The wake influence reduces to an algebraic substitution
relation, which if incorporated analyticélly would lead to 1lift deficiency

functions; with large-order systems, it is more practical to accomplish the
substitution numerically.

6.1.6 Rotor equations of motion.- The linear differential equations of
motion for the rotor model can be constructed now. The equations of motion are
in the nonrotating frame, that is the Fourier coordinate transformation has
been applied to the bending and torsion degrees of freedom of the blade. For
now only a three-bladed rotor is considered; the equations are extended to an
arbitrary number of blades below. The equations of motion for the rotor, and
the hub reactions, take the following form:

A¥p + A ke + Acxe +A ¥ +AY e Bvp + Moo,

se ° N.. ~.
= Gy, + G xe +C°Xg+Qzu+ch+?m

The coefficient matrices are constructed from the results of section 6.1,2.
Here the matrices only include the structural and inertial terms; Maero and
Faero are the aerodynamic forces. The vectors of the rotor degrees of
freedom (xR), shaft motion (a), rotor blade pitch input (vR), aerodynamic

gust (gs, in shaft axes), and the hub forces and moments (F) are defined as:

ORI
“ = [@o B By 9?.\ (:)B&? &c Q&s b3 J...-A..-le?

Vg = [_e:m e O ]-‘—
42}5; == [:L4<5 Vg Wg -:1-1-

-342-



o = ([ % Yo =p o Sy g ‘)T

2Cy 2¢ 2 2Cm 2@ '
F=38 s E % B 2R )

IO

Note that in the rotor degrees of freedom Xps the notation B(k) and e(k)

is intended to cover as many bending and torsion modes as the analysis
requires. Also, the degrees of freedom used for the inflow dynamics model
are Au, Ax’ and Ay "defined by A= (in order that the highest order
derivatives wil be A, in the acceleration matrix). The inertial matrices
are defined in section 6.4.1.

The aerodynamic terms Maero and Faero are required to complete the
differential equations of the rotor model. They are obtained by summing

over all N blades the aerodynamic forces in the rotating frame (section 6.1.4)
and introducing the Fourier coordinate transformation for the blade bending
and torsion degrees of freedom as required. The result for the required

aerodynamic forces is

M ] Ind A
Mase = Ak + Aoxp + A& + A, o "ga}s

E..m..o = C-.ig + GoXp +hc:& +IC\:,°< +B&%S

For the case 6f a rotor operating in axial flow (u = 0) the aerodynamic
coefficients for the blade forces in the rotating frame are constants,
independent of the blade azimuth angle wm. The coefficients are also then
entirely independent of the blade index (m); hence the summation over the
N blades operates only on the system degrees of freedom, not on the aero-
dynamic coefficients themselves.(which factor out of the summation). The
resulting coefficient matrices, which are constant for axial flow, are
defined in section 6.4.2.

For the case of a rotor operating in nonaxial flow (u > 0) the aerodynamic
coefficients of the rotating blade forces are periodic functions of wm

because of the periodically varying aerodynamics of the edgewise moving rotor.
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It follows that the rotor in nonaxial flight is described by a system of
differential equations with periodic coefficients. It is possible to express
the aerodynamic coefficient of the rotating blade forces as Fourier series,
and then to obtain the coefficients of the nonrotating equations in terms

of these harmonics. However, the simplest approach for numerical work with
large-order systems is to leave the coefficients of the nonrotating equations
in terms of the summation over the N blades of the rotor. The summation

1s easily performed numerically, and it is found that this form is also
appropriate for a constant coefficient approximation to the system. For
nonaxial flow, the coefficient matrices are periodic functions of the blade
azimuth angle ¥ = ¥ + mAy, Ay = 2n/N. The period 1s &y = (2/3)7 = 120°
for the N = 3 case considered here. The coefficient matrices for nonaxial
flow are defined in section 6.4.3.

The rotor equations as constructed here are not entirely complete.

First, the rotor aerodynamic thrust and hub moments:
Lr )Y .
oo -+ 157; [:’Eséh ("‘Ezu*‘“d:)

+ {3 G +ved + 3 (v ]

where

D\ | (8 Z.CTI"’!)*...;.L

S ——

Mmoo )A"/Kg;" + N/ Ry

have been put in place for the Au’ Ax’ and Ay equations. Because of the
rotor/rotor interference and ground effect, it is appropriate to finish the

construction of these equations at a later stage (section 6.3.1).
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Secondly, we have substituted in the equation of motion for rigid pitch:

Pr = Secow — Z::\L?.%. -kfc,QG "’(e\g‘”‘“)m"e\gg“ws\‘)s

However, the rotor pitch control econ here still includes the governor and

mast bending terms, as well as external control inputs.

Thirdly, the rotor torque YCQloa has been put in place as the equa-
tions of motion for the rotational speed perturbation ws. - The drive train
couples the rotational speed perturbations of the two rotors, so it is

necessary to construct these equations at a later stage (section 6.3.1).

Consider now the case of a rotor with four or more blades. Each rotat-
ing degree of freedom of the blade (bending or torsion motion) must result in
N degrees of freedom for the rotor as a whole. Thus increasing the number
of blades adds degrees of freedom and equations of motion to the rotor de-
scription. In axial flow these additional degrees of freedom do not couple
with the collective and cyclic degrees of freedom of the rotor. Hence the
equations given above remain valid for rotors with N > 3 also, and we need
be concerned here only with the equations of motion for the additional degrees
of freedom. These additional degrees of freedom are not coupled inertially
with the shaft or gimbal motion. The additional equations of motion for

bending and torsion of a rotor blade with four or more blades are then:

AZ‘\;‘g + Ay + Aoxp = Bv‘_‘,Mu“

with the vectors of the degrees of freedom and blade pitch control here

defined as follows:

OO AT A T A vw W -
Xp = [@nc Bns @!'12. Sue e(“s Sur2 ]

| . -~
VR = Ee::“ Sus 9?;; ]

The inertial coefficient matrices are given in section 6.1.4,
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The aerodynamic forces are required to complete the equations of
motion. In axial flow the aerodynamic forces still do not couple the addi-
tional degrees of freedom for N 2 4 with the shaft or gimbal motion. Hence

the aerodynamic forces for axial flow take the form
A L ]
—’Mw = v FR —l"AoY\g

with the coefficient matrices defined in section 6.1.5.

The aerodynamic forces in nonaxial flow (u > 0) couple all degrees of
freedom of the rotor with each other and with the shaft and gimbal motion.
Then not only are additional degrees of freedom and equations of motion
involved if N > 3, but the number of blades also influences the equations
and the hub reactions given above. Rather than directly presenting the aero-~
dynamic matrices for the general case of three or more blades in nonaxial
flow, the analysis is extended by means of an observed pattern in the coeffi-
cients. In the nonaxial flow equations (section 6.4.3), note the repeated

occurrence of the following submatrices:

! < S VO e s)
P=| 2 2¢} 268, | = | 2¢
2S, 2¢s; as? 2<,
° T = ! Ce =S, D
M= | o _2¢5 22 = | 2¢
& —-257 295, as,
—

(using the notation Sn = gin nwm and Cn = cos nwn?' These matrices are a
direct result of the introduction of the Fourier coordinate transformation
(columns) and the application of the summation operators to obtain the non-

rotating equations (rows). The matrix DP arises from application of the
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Vo4
In the BG and A

C matrices
The extension to an arbitrary number of blades

Fourier transformation to the time derivatives (ﬁi or 51).

matrices, only some columns of P and DP appear, while in the
only some rows appear.

(N > 3) is then simply

[
25 e
e | Oha sy A s @)

P - ‘

.
LY

2C.,
25
(- /

2<
W | 2 [Co =S S s e 2

vo e

2GC,
286,
| <;'|§f“

Rotors with three or more blades may be analyzed within the same

general framework, but the two-bladed rotor is a special case. The rotor
with N > 3 has axi-symmetric inertial and structural properties and hence

the nonrotating frame equations have constant coefficients in axial flow.
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In contrast, the lack of axi-symmetry with two blades leads to periodic
coefficient differential equations, even in the inertial terms and in axial

flow. Only in speclal cases are the dynamics of a two-bladed rotor described

by constant coefficient equations. The equations of motion again take the

form

~

Az‘l\g +A‘ig +A°Y.g + Azd +A o = e\lg'i'Mm
F = cz&‘g +C1‘ie + G +’€'23:+’5n& "'-F‘u-w

with now for N = 2 the rotor degrees of freedom and pitch input defined as
follows:

(V-\
YR [ 5 e

S A NI

ve = [o3 ot 3T

I

The inertial coefficient matrices are defined in section 6.4.6. Note that

there are periodic coefficients in the matrices coupling the rotor and shaft
motion (K, c, ©).

Thé required aerodyanmic forces for the two-bladed rotor case again take

the form
~o

e

4

fre = < xe + Coxg +a;l + Coor —FBGE;

The aerodynamic coefficient matrices are defined in section 6.4.7.

An independent blade analysis is useful for problems not involving the
shaft motion or other excitation from the nonrotating frame. The only rotor
blade degrees of freedom involved are the bending and torsion motion. The

shaft motion, gimbal motion, and the rotor speed perturbation are dropped
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from the system. Only a single blade need be analyzed, in the rotating frame.

The equations of motion for the bending and torsion modes are then:

:E‘\*K (%L-F 3;97.6“_—* ‘?‘7‘1‘\ —+ 2 i I:‘.i.. i:

._ Z 51,‘? P — E: §1‘P~ X

M ¥ - T Mg~ M =0

»* ( " . a “\> . % “ 3
o Ox + 35"5&?\& + Ly Pr) + ?I'HP'\- PL + -ZI'N-P'\ b

. I *
sh\: ‘T' - ?: (gfv:'\'. — Ke; S"‘:“‘BQ\"
~ EaMngc 4 T amp T
4 g *
— ? yMP'-P‘- pPe — ; 5Mh&; PL = SP;\ ecbw

AzXa + A + Ay = P)Vg

. _ T -
with Xp = (qkpk) and Vo econ' These equations can also be obtained by
dropping all degrees of freedom except the collective modes from the analysis
above; a separate construction for the independent blade case is more effi-

cient however.

6.1.7 Constant coefficient approximation.- The rotor dynamics in non-
axial flow are described by a set of linear differential equations with
periodic coefficients. A constant coefficient approximation for nonaxial flow
is desirable (if it is demonstrated to be accurate enough) because the calcu-
lation required to analyze the dynamic behavior is reduced considerably
compared to that for the periodic coefficient equations, and because the
powerful techniques for analyzing time-invariant linear differential equations

are then applicable. However, such a model is only an approximation to the
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correct aeroelastic behavior. The accuracy of the approximation must be
determined by comparison with the correct periodic coefficient solutions.
The constant coefficient approximation derived here uses the mean values of
the periodic coefficients of the differential équations in the nonrotating
frame.

To find the mean value of the coefficients, the operator

= gz" (--Daw

E=]

is applied to the periodic aerodynamic coefficients (given in section 6.4.3),
resulting in terms of the following form for the N = 3 case:

4T s ML) AN
2“5“"&
2 S N,
1 M \
w ‘
wosSY,,, i—M !
" S, —_— s
- lsi § : MERNIR., = | M
- NMZ“ o 1“:‘ ‘,v-\ M.-‘—'éMz‘
2V, e L MBS
R
2 B 2aWn 425
F 4

Here Mpc and Mns are the harmonics of a Fourier series representation of

the rotating blade aerodynamic coefficient M:
o
we s
m— [~ . -
M(®a) = M° + 5;_' M oS W + M Sian
In the present case, these harmonics must be evaluated numerically. The

aerodynamic coefficient M 1is calculated at J points, equally spaced around

the azimuth. Then the harmonics are calculated using the Fourier interpola-
tion formulas:
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where wi = jAy = j(27/3) (3 =1, ..., J). The number of harmonics required
is n=N-1 for N odd and n = N-2 for N even (N is the number of blades).
Good accuracy from the Fourier interpolation requires at least that J = 6n.

Using these Fourier interpolation expressions, the required harmonics are

M \ \

Im was¥j

R ER S o

Mo+ 3 MEC | 2ens* ¥; \|

M- L MEC 2 st Wy |
PR 2oy sty

It follows then that the constant coefficient approximation is obtained

from the periodic coefficient expressions by the simple transformation:
San A 3

The summation over N blades (m= 1, ..., N; Ay = 2n/N) for a periodic
coefficient is replaced by a summation over the rotor azimuth (j = 1, ..., J;
Ay = 21/J) for the constant coefficient approximation. This is quite con-
venient since the same procedure may be used to evaluate the coefficients for

the two cases, with simply a change in the azimuth increment. The periodic
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coefficients must be evaluated throughout the period of ¢ = 0 to 27/N; the

constant coefficient approximation (mean values only) is evaluated only once.

With the substitution (1/N) L~ (1/J) I, the results given in section
6.4.3 for the periodic coefficient matrices are directly applicable to the

constant coefficient approximation as well.

For the case of a rotor with four or more blades, the constant coeffi-

cient approximation involves the transformation of higher order harmonics:

N c‘s‘; > ‘S:“
A 4 w \
N v§-‘-\ CaCa MY =t T?l CuCa M(‘P‘Q
CuSe
S«ﬂsn :;:;?’
(_vsw\ h 3 3
Ca (=Y S
o :

So the periodic coefficient results are still applicable to the constant
coefficient approximation if the summation over the N blades is replaced

by a summation around the rotor azimuth.

This transformation is also applicable to the case of a two-bladed
rotor, but the constant coefficient approximation is not as useful or as
accurate for N =2 as for N > 3. With three or more blades, the source
of the periodic coefficients is nonaxial flow, hence the periodicity is order
4  or smaller. At low advance ratio then, the constant coefficient approxi-
mation may be expected to be a good representation of the correct dynamics.
The two~bladed rotor has also periodic coefficients due to the inherent lack
of axi-symmetry of the rotor. This periodicity is large even for axial flow,
and neglecting it in the constant coefficient approximation may be a poor
representation of the dynamics. In particular, it is not possible to use the
constant coefficient approximation as formulated here for the flight dynamics
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analysis of a two-bladed rotor helicopter, since this averaging eliminates

the coupling between the rotor and the shaft motion.

6.2 Aircraft Model

6.2.1 Aircraft degrees of freedom.- The aircraft motion is described
by the rigid body and elastic airframe degrees of freedom:

kg = {%Sk} = L $¢ o e x¢ W Yo (K27 ]-P

as defined in section 4.2.1. The aircraft controls consist of flaperon,

elevator, aileron, and rudder deflections:

a— -+
Vg = [. SS ‘St, Sa Se 3
The rotor hub motion is obtained from

ol = cC )‘;

where c is defined in section 4.2.2, including the sign changes for a
clockwise rotating rotor and scaling for rotor #2. Recall that the Euler
angles do not contribute to o s ay, and az however. In addition there is a
linear acceleration due to the rotation of the velocity vector in body axes

by the Euler angular velocities, written

Adt = T x,

(see section 4.2.2).

The feedback of the airframe elastic motion to the rotor cyclic pitch is

On
4Z3£;;:::2§ _ - Eé;; C;SK []:h~;;<~°5\¥;“—+-l‘AQS:SEW*“<~\:}

as defined in section 4.2.3.
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6.2.2 Airecraft equations of motion.- The linearized equations of motion

for the aircraft rigid body and elastic motion are:

Ei::If*’k!. o o i o o o ]
o M* o |% + |- ‘(N DHRe © o R
o o My | © o Mt\s“k

(see section 4.2.4). The generalized forces due to the rotor hub reactions

{Q-:}M‘_ = %

where cT is defined in section 4.2.5, including the sign changes for a

clockwise rotating rotor and the scaling for rotor #2.

The generalized forces due to the aircraft aerodynamics can be linearized
by succesively perturbing the inputs to the analysis described in section
4.2.6. Hence for the rigid body degrees of freedom we obtain:

ok — a3y ’Ci ) "
(@l = sl B i) ) P
su wa U2

¢

Ye

Ye Se
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(The coefficients of the matrices are the aircraft stability derivatives, due
to the wing/body, horizontal tail, and vertical tail.) A gust velocity
uniform throughout'space is considered; hence the gust velocity components
are the same at the wing/body and tail. The mean inflow perturbations
influence the airframe through the rotor-induced aerodynamic interference,
which is modelled as described in section 4.2.6. So the interference

velocities at the wing and tail are obtained from

) R e 6 |
Tl T RSB (R KuaCana B =¥ A

Mg

vl
£

L\Lv.cm E:F (‘YA Kvz Sy QG‘ A

—

From section 4.2.7, the generalized forces for the airframe elastic degrees

of freedom (k > 7) are:
(= 223 g+ e (87

1 %5

Hence the aercelastic motion of the helicopter airframe is described by a set

of linear, constant coefficient differential equations of the form

oo - )\u
Q2%g + Gy Xg '+"aes"$, = L"ls -+ ¥%5'35'+- l:>h ( '

+—c & + CIF‘I
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where x is the vector of aircraft degrees of freedom, v is the vector of
aircraft control variables, g is the vector of gust velocity components

(in wind axes), and Fl and F2 are the hub reactions of the two rotors.

6.2.3 Drive train equations of motion.- A model for the transmission
and engine dynamics was derived in section 4.3.2. The degrees of freedom
involved are the rotational speed perturbations of the two rotors (@Sl and $32)
and the engine speed perturbation (degree of freedom we' defined relative to
the rotation of rotor #1). With the coupling of the rotors by the drive

train, it is more appropriate to use the degrees of freedom defined by

N)S‘ ::‘4)5 S LPQ)_ = (r:'.g /(‘17_\-‘"’5 - NP;

or

where rIl/r12 = Qz/ﬂl is the ratio of the trim rotational speeds of the two
rotors. So ws is the rotational gpeed perturbation of the rotors and drive
train as a whole, while wI represents differential rotation of the two
rotors. The degrees of freedom *1 and ¢e therefore involve elastic deflec-
tion of the drive train. The engine model introduces the throttle control

variable Gt. The linearized equations of motion for the drive train are
then:

Co Cr= 52 Ca
(); I (N::..g?}B, (32‘:)‘1

W w 5% - .
+ e (b +¥) + %on (b, +%,) = rz@:" By

—k y <=2 x2S
Mmx,y (; <o f>‘ —+ (:bJ:q,Sif”). (]‘c—h.\>2

&% vy * *-
+Kup (T Y2 + Cay W) + Ko, ¥z = O
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The constants appearing in these equations are defined in section 4.3.2 for

several drive train configurations.

For the autorotation case the we degree of freedom is dropped, and the
QQ, Qt’ and IE engine terms in the ws and wI equations are omitted. For
the engine out case, with the engine and rotors still connected, the engine
terms QQ and Qt are omitted. The case of constant rotor speed is treated
by dropping the ws and wI degrees of freedom from the system.

The rotor speed governor, consisting of ¢s and ws feedback to the

engine throttle and to the collective pitch of each rotor, is described by
the following equatioms:

(13

20 4D¢ + 'rie &0y + 4Dy = —“-P,_‘i‘s — kxR

Tos A3, + T B3, + S8 Ke Wy o+ kW
T2a Aéaoert + T,z A%"ct -+ Asb.,rz = KQ‘ \;)‘ + kIz\PS

I

(see section 4.3.3). For the tilting proprotor configuration, the variable
vy is replaced by the symmetric variable wsym ol 1/2 2

6.3 Coupled Rotor and Aircraft

6.3.1 Coupled equations of motion.- The equations of motion have been
derived for the two rotors and the aircraft body. The rotor equations of
motion take the form

o

A¥e + A +Axp + A +A & +i:o( = Bvp + B¢ s
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k= Co% +Qxp+Caxp + G + G 4 Cac -+ D s

(see section 6.1.6). The rotor degrees of freedom vector Xp consists of
flap/lag bending, rigid pitch and elastic torsion, gimbal or teeter motion,
rotational speed, and inflow perturbations. The rotor control vector Ve
consists of the blade pitch control. The gust vector in shaft axes is

related to the gust vector in velocity axes by

% = Pey

(section 4.1.4). The hub motion is relatéd to the aircraft degrees of
freedom by

ol = Xg

S = CSXg

ol = CLSES + < Xg¢

(section 4.2.2; only the 3 x 3 submatrix in the upper left corner of ¢ 1is
nonzero). For rotor #2 it is necessary to change the time scale to the
rotational speed of rotor #l1.
P S -
STt = STz A8t

1’ Zi
matrices A2, KZ’ C2, Eé

The aircraft equations of motion take the form

So the matrices A s Cl’ and Ei are multiplied by (91/92); and the

are multiplied by (91/92)2.

x % ’ A
RaXs FaXg Fagrg = by + bcs‘} + by

(sa/2) Ad,

-
+ < ‘:;I -+ CiEi FiEz.
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(see section 6.2.2). The vector X, consists of the aircraft rigid body
and elastic airframe degrees of freedom, The vector v consists of the

ailrcraft controls.

The equations for the rotor and aircraft can now be combined to con-
struct the set of linear differential equations that describes the dynamics

of the complete system. These equations take the following form:

A,_";L-'-A\i-l- Acx — Rv4Rpvp + BG}

The state vector X, control vectors v and v, and the gust vector g are

defined as:

D _ (o
x=[ (¢ o Bac F&S\w#n Wy A, A, A,
(@(k‘ e(l\ sm B‘s)m-ﬁoc'&z_ ‘P: .A-uz -A.gz -th

—
Pe ¢ MW e WF 2F %‘(k%ﬂ Yo A8, ABJ.,.-' AB’,,..&]

o -

V,:— [é- S(, Ss S-p 21_ ]T
25 = [: Uue Ve Wg .jk-r~

The vector of the degrees of freedom for the entire system (x) consists of the
degrees of freedom of the two rotors and the aircraft. The rotational speed
degrees of freedom of the two rotors are replaced by the coupled degrees of
freedom ws and wI; and the engine speed degree of freedom 1% is added. The
governor dynamics introduce the §egrees of freedom Aet, Aegovrl’ Aegovrz'

The vector of control variables for the entire system (v) consists of the
blade pitch of the two rotors, the aircraft controls, and the engine throttle.
The vector of the pilot's controls (vp) is related to the individual control

inputs by the linear transformation
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V= "Teee Vp
where TCFE is defined in section 4.1.6. The- aerodynamic gﬁst vector (g)
1s in velocity axes. '

The coupled equations of motion are obtained by substituting the hub

motion into the rotor equations and hub reactions, and then the hub reactions

into the body equations of motion. The resulting coefficient matrices for the

coupled system are:
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Recall that the Euler angle contributions are not to be included in o s
ay, and a,. Hence in constructing Ao it is necessary to skip the angular
hub motion (ax, oy az) columns of A and C_ for the Euler angle (¢F“ BF’

wF) columns of ¢ (and Ao) when evaluating Ksc and E;c.

The rotor mass will be included in the helicopter gross weight. Hence in
constructing A2 it is necessary to skip the linear hub motion (xh, Yh o zh)
columns of 62 for the riEid body (¢F, eF, wF, Xps Vpo zF) columns of ¢
(and A2) wvhen evaluating Czc. Also the rotor mass 1s included in the
generalized mass of the airframe free vibration modes; so the linear hub
motion columns of Eé will be skipped for all the body degrees of freedom
columns of ¢ when evaluating EZC' This approach is also required for the
cTEéc term in Al’ Since the term involving ¢ is the linear hub accelera-
tion due to Euler angle velocities, which has already been included in a;
if the gross weight includes the rotor mass, it follows that the entire

cTEZE term is to be dropped.

The construction of the coupled equations of motion is still incomplete.
The matrices defined above basically account for the coupling of the rotors
and aircraft through the rotor hubs. It remains to account for the coupling

which occurs through other paths.
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Frequently the rotor is modelled as having a rigid control system. This
option requires some restructuring of the equations of motion, since the
rotor equations have been derived assuming that the blade rigid pitch
degrees of freedom are present in the model and that the blade pitch control
inputs enter through these degrees of freedom. In the limit of infinite

control system stiffness, the solution of the rigid pitch equation of motion
reduces to

Pe= P = B, - ?kl’,%- - ‘FG +(°|s““"~~9-«.9-"’n\%

or in the nonrotating frame

S Se ((3;
= 19 '~ 1'% w
s = | *% - ik". Grs
O“‘ Q“‘ ¢ @“‘
a‘s 0*9 g‘\s
2wz |, Onsz o Brra | ¢
o o
ﬁg(_ als
- kq%i (;“ +- - Sc \tg
° o
o [~}
S o

for N > 3; and

2:3, = ),,“ = ke; ($> — Ky (;,)

< 915"“5"’ — Oy S ) ¥
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for N = 2, The blade rigid pitch motion in this limit consists of the
commanded control input, feedback of the bending and gimbal motion due to the
kinematic coupling, and a pitch change due to the azimuth perturbation with

a fixed swashplate. Substituting for P, the pitch/bending, pitch/gimbal,
and pitch/azimuth coupling requires operations on the columns of Ao’ as
defined by the above equations. Next the rotor terms in the control matrix

B are reconstructed from the rigid pitch columns of Ao since the blade
pitch motion becomes a control variable rather than a degree of freedom. Then

the equations of motion for the rigid pitch degrees of freedom are dropped
from the system.

So far the aerodynamic hub forces have been put in place for the Au,
Ax’ and Xy equations of the two rotors; a = cX has been substituted for

the hub motion; and the-time scale for rotor #2 has been changed to Ql.
Completion of the equations of motion for the inflow dynamics requires the

followingvsteps.
a. Multiply the thrust by (ca/2y)dA/3T and the moments by (ga/2y)3x/3M.

b. Add Ky times the Au equation to the Ax equation, and Ky times
the Au equation to the ky equation.

c. Construct the ground effect terms (body motion contributions to

-(3x/3z)§{2) 1in the Au and ku equations.

1 2

d. Account for the coupling of the lul and Au2 equations due to rotor/

rotor interference.

e. Construct the diagonal terms: 1 in Al and T -l(M oA /oM or “T oA /3T

in A2 (times (Ql/QZ) and (91/92)2 for rotor #2).

f. Construct the aerodynamic interference terms

A,
L, , )
((Stl ’Rz)_A_“‘

in the aircraft equatioms.

So far the torque has been put in place for the rotational speed equations

of the two rotors; o = cxS has been substituted for the hub motion; and the
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‘time scale for rotor #2 has been changed to Ql. Completion of the equations
of motion for the drive train dynamics requires the following steps.

a. Transform the wsl and wsZ columns of the matrices according to

Mo = N
= Tz,
WSZ c—-z—nz WS -+ H);

to convert from wsl and wsZ degrees of freedom to ws and wI

degrees of freedom.

b. Combine C.  and C as required for the and equations.

¢c. Construct the equation of motion for we and complete construction
of the ws and wI equation by adding inertial, damping, and spring

terms. Construct throttle control terms in ws and we equations.

d. Construct the governor equations, and the governor degree of freedom

terms in the other equations of motionm.

It is still necessary to account for the mast bending and governor feed-

back terms in the pitch control -econ' The pitch/mast bending coupling is
(for each rotor)

A9\ ' = <\
AB,9> = = % (kns’.B%s“'

for N > 3, and

Mg

A9, = — & <ko.°°‘AP"‘kMS;S“‘"PB%S;

r!
o

for N = 2.

For a two-bladed rotor the pitch control degrees of freedom are eo and

81. It is also useful to consider conventional cyclic control, which gives

LD, = B cos'P 4 B TP
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. The Blc and Ols columns of the control matrix can be constructed from the

81 column according to this equation.

Next, the pilot's control matrix is constructed from the individual

control matrix by the linear transformation BP = BTCFE'

Finally, the unused equations of motion and degrees of freedom are
eliminated from the model by deleting the appropriate rows and columns from
the coefficient matrices. Note that a number of the degrees of freedom are
first order (no spring terms): all the inflow perturbation variables, the
rigid body degrees of freedom wF’ Xps Ypo and zg (except possibly in ground
effect), and perhaps the rotational speed degree of freedom (in axial flow

with no integral govermor).

6.3.2 Quasistatic approximation.- It is frequently possible to reduce
the order of the system of equations describing the rotorcraft dynamics by
considering a quasistatic approximation for certain of the degrees of freedom,
Assume that the equations of motion have been reordered so that the quasistatic

variables (xo) appear last in the state vector:

Xy

x = Yo

The quasistatic approximation consists of neglecting the acceleration and

velocity terms of the quasistatic variables. Thus the equations of motion
take the form:

o ¥ A, © x, A‘: A': x, B
ot + ol l et [ X J -
Az O xg A‘ o x° A° A° x° Be

»
\
<

The quasistatic variables now are not described by differential equations but

rather by linear algebraic equations. The solution for X, then is simply

R = .:)—'[Bo\l—-— A:_;. —_ °: X, ...A.: x'j
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Substituting for xo in the xl equations of motion gives then the reduced-

order equations for the quasistatic approximation:
u \ 1ot o " (] -1, O .
LA, - NCCROYAL Ix0 =+ LA -AT (AOYTA] 1%,

+ [A-AZCRIY'AY Jx, = [R'-ATATY' R v

In the present analysis, the quasistatic approximation can be applied to
the inflow dynamics_of either or both rotors, to the rigid pitch/elastic
torsion degrees of freedom of either or both rotors, to all the degrees of
freedom for either or both rotors, or even to all the degrees of freedom

except the rigid-body motions of the aircraft.

The quasistatic approximation retains the low-frequency dynamics of the
eliminated degrees of freedom. Whether that is a satisfactory representation
of the elastic behavior must be established by comparison with the results of
the higher order model.

The quasistatic approximation as implemented here does not give the low
frequency response when applied to a two-bladed rotor. The source of this
difficulty is the fact that the teetering equations of motion (ng), ng),
BT) are really still in the rotating frame, so the response of the teetering
modes to low frequency inputs from the nonrotating frame is not at low

frequency also, but rather at frequencies around 1/rev.

6.3.3 Symmetric aircraft.- With lateral symmetry of both the aircraft
and flight state, the symmetric and antisymmetric motions are completely
decoupled. Hence it is possible to analyze the dynamics by considering two
sets of equations, each of half the order as the whole system. This case is
applicable to side-by-side or tilting proprotor aircraft configuration in a
trim flight condition with no sideward velocity or turn rate.

The equations of motion must be restructured in terms of symmetric and
antisymmetric degrees of freedom. The motions of the right and left sides of
the aircraft are given by respectively the sum and difference of the symmetric

and antisymmetric degreés of freedom:
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thr*\:l = 'ﬁ&‘&““ + Faxy

%n«r'ﬁ-z = %:-.am\ — 2*.,31-,
These conversions apply to the rotor bending, torsion, gimbal, and inflow
degrees of freedom, and to the rotor pitch control variables. The columns
of the coefficient matrices are reconstructed according to these definitions
of the symmetric and antisymmetric degrees of freedom. The symmetric and

antisymmetric equations of motion are obtained by operating on the rows of

the matrices as follows:
Csyp Q.9> - 2 (cotor it 23) + Hcotor 2 e..,f\
C T g%B = Z(rovr il 29) L (crtec 2 og)

Finally, the symmetric and antisymmetric drive train motions are obtained
from

\'P:L = — 2 \P‘tﬂa&\

(from section 4.3.3); the columms of the matrices are reconstructed according
to these equations. Now the symmetric and antisymmetric degrees of freedom
are completely decoupled, and may be analyzed separately. The state vector,

control vectors, and gust vector for the symmetric system are:

)
% [G“ 9“\ ‘3&. 66; \Vg ~A-i\ -A.,, _A-4)

-

v = [ e“‘ ss S; Gt-l-r
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VP = {_ $o Ss g't_]-'-

Lwe we 37

3

The state vector, control vectors, and gust vector for the antisymmetric

systenm are:

X = [@m o™ Boc Gos ¥ A, A, -‘*) e W e %;]T
v= [: EBC‘“‘ Sa Sc :]-r

-
= i
9= [ve]
Note that it is necessary to designate symmetric and antisymmetric elastic

airframe vibration modes.

6.4 Matrices of Rotor Equations of Motion
6.4.1 Inertial matrices for rotor equationg.- The inertial matrices
for the rotor equations of motion in the nonrotating frame are given below.

For clarity, the superscript #*  denoting the normalization of the inertial

coefficients has been omitted.



U

1 1 a'IB
9 I
1 -5 . S
9 Py 98
-5 .
Py
N
-5 . 1 .
qui 12 kB
Ty
-5 .. k
Pray +1 .
PPy
Iqiu.IB I0
3 -s . 1
Tq;a™'B 9Py
N
1k
9,0 B

-369-




1,0 T
9, db g . ob
I st o1z
] fala
"854 12 Ty
Ay - st
¥
A
% s, d IR
8 d
" 2 sz-
xamwxa~
:..3: +
‘ JUHN
® -
LI UH
«wxv-+
Tahy xu-
- SZ- A8 Ay

-370-




-371-

-
1 ¢ -s
i . WP
1 g.wv e .
99 k le"
T (-1
9, K 21, -5
Q.3
k%1 9P,
s .
—lqusvk . qkpi
1 (vi-l)
=21 . 9 - -5
qkq( qkpi
-5 1wl
LA Pk
+s K +1
LG PPy
S .. T (uwf-1)
Pl Py 3
-5 +1 1 g s =S e
P9, Py Py P8 kK pkoy‘?c po 18
+5 K S
Pi@ Py PPy
8w 1 -1
Pudy Pk(mE )
-8 -1 8w +1 s s 8
- s k
PRy Px PPy pkoKPG 0 lc
45 K -1
Pk Py PPy
Moa, 1 (vi-1)
_“%M'I‘ 1,081
— ——




I -k
qk B qka B
S ~I<’B -1 a-'i’
N A
s -k 1 -3
— . .1
qk B qka B
_S --lz I .‘i*
P B PG
s -1 1 -k
.7 .
P, B po B
> >
-S i -1 -k
P, B P o

-372-




q ¥
-
21 i
q, @ B
21 -1
q, 0 B
-
-Zkau-kB
21 -k
P, B
21
o
21

=373~




~37h-




1o se-

A

hal

4]

-375-



21

Q
-
~
m
Eal
.
bl
H-\
[
o
%)
~
1
[
A
.
ot
HY
[}
o
%)
o~
]
@ o
o e
i .
- z
<] L
o )
()] =t
o~ o~
|
@ ]
Ao ke
s -
» <
- o
= —
~ ™~

C, =

-376-






_ZMb

_2M_b

-21

-21
o

21

-378-




6.4.2 Aerodynamic matrices for rotor equations in axial flow.- The
aerodynamic matrices for the rotor equations of motion in axial flow are

given below.

-YM - -yM_ e | -yM
994 q, % q A
~yM . -YM_ . -YM_
R 9k 98
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6.4.3 Aerodynamic matrices for rotor equations in nonaxial flow.- The
aerodynamic matrices for the rotor equations of motion in nonaxial flow are

given below. Note that each matrix is a summation over all the blades, that

is, m=1, ..., N. The notation C = coswm and S = sinwm is used in these
matrices.

-388-



1 ' 1
9 b b b
052 %- sozfu- | szw- ST H- .St - soz2u- 257 *W- | $2T “H- ST K-
g g X b) ] g Ty Ty Iy
AL S 2920~ 27 ‘- DT M- $9Z K- 2T $IT - | 07 K- 97 H-
9 ¥y LY Ty
s¥1z- of1z- Yiz- ‘1z- s¥iz- o¥1z- S ~LZ- 9 -lz- ‘iz-
1 1 T
b b b
s% % % B s% % s <0 2 )
1 1 1
9 b b b
s23n- soz%m- sz - ST H- Sz s2z%u- 25T W= | ST "H- SZ *W-
1 1 ¥
5 b b b
A 92 %n- 2z W~ 9T R- soz¥n- 202 - $07 *H- 202 W- | o7 “W-
g'd gld ¢d o4 gld g Y'la Yata Ypla Tty Tpta
.s2% “n- | soz¥ Cw- | szt w- | szt W- | gst¥ W= | S0Z¥ W- [Tt K- |S07 ¢ M- 257 ° W-|S3T ¢ W-|SZ* H-
gd gld d 94 gld gd Ya'la Yald Fpig g plg
$0z° M- | z02° W~ | 07' W- 927 W~ | 502° W- | 292% TH- |0z Y M- |Z0T ¢ R~ {0z ¢ H- S0z 7 W-| 0z ¢ W-|0Z ¢ W-
ghd g'la ld 2ld gld gl Talq Talq fala Tpld g Fplg
s¥ “u- 5% “n- W - S° H- 2¢ “w- s ° W- 3% - %= | s m- | 2% - * u-
b b b 2y g% b T T Tty
2528 W- | soz? TW-| szt oW- | szt ow- | g8zt W- | sozf w- 2ST ° W= |SOZT ¢+ W-|SC - W-
oMb b b b g™ S Tty Tty RN
saz? "w- | 202% - | 02" Tw- 2z° W- | s2z% Tw- | ;02¥ Tw- $3T * W-|goz * W- | 07 * TW-
g'b b My g'b g'b LIS b plp
2% - W- ? - s? Tu- o¢ - §° W-[ 2° W * W




k g b 'y
4 TS $9Z H- T4 ta e $OZ ‘K- 57 °KW h
ST - ) . ST KW= S3z  W- s¢ W- T W ST W-
$72%- 2SN T H- $IT W~
1 1
b b
3 s92 k- - Yy Ya Yy (T h- SIC W LI
22 w- . SI7 K- 2T W- 2z M- I 0 27 M-
- CRTAT $3T  W- 297 W-
¥ ¥
b b
4 s¥12- 591z~ g 4 ¥4 9 Lz- s .17 L
1z- s 1Z- 2 “1z- 1z- I 3 iz
g 9 b b
2¥1z- s°12 s 4z- 9 1z-
1 ¥
b b
9 5% gmo Fa T4 i 2 -0 5 -0~ Ty
[o] s 0 20 b 1 Ty b
NS s¥- s b 50
1 1
b b
9 SToH- $22%u- q tq Hq (ST W- S2Z  W-
ST - ST K- $O7T  W- sz W- I T,
929 St $07 “W- ST W
I ¥
b b
3 $22%- 0H- Y4 Yy P $07 W- T H- ¥
22 H- . ) S0z W- 29T W o7 W- 1 N o7 K-
202 W~ SO W+ SO7 ‘Wt
Az Ll 141 Il T
d d aa ald bld
4 252 W soz? “w- | soz Cw- | st TR LR S0z R-
s¢ W K g Tatd Tala sz W Py
saz¥ “w- | gse¥ We | ST W- | soz o W ST ¢ Wt
A % 1R iR T
d d ad ald pld
) Nu,.az- s22® Y- | o2 w- | g0z © W [ sor T Tk uw;._nz- 9T R- uMqu-
g'la gla Fald talq Fyly
0t W | 502 T | soz T m- | 0z K- $OZ * W+
tl A 1 i | &
d d a'ld a4 bd
uu_._z 5% - 2% - 2 ¢ W- $* H Jv_nz 2 K- ;xnz
Sl ol T Yoy Tty
2% W- $% THe s - 2" TH- S ¢ Wt
] Az (I i
A g'b g'b 1 T b'b bb A
27b sz° W- | soz0 W- dalb da'b 5 W- | s2 H- plb
st” W- est . ¢ . 2S¢ soz © M- | sz W | ¢ Nd x N« . sz R-
gl g pb blb
soz¥ H- | ;82 M soz ¢ H- | ST W
gl l Tt T
b b b bl
b soz® Tw- | p07° k- 4y Ty soz © W= | ot H- Yplb
5" H- b ot $27 © W- 52 H- Ty I 2z -
07 Th- | 5ot w I ° W- | $07 ¢ W
] ] IR 14
b b b b
) s? - 2% - 'y Ta'lb Tab s H- 2 ° %- Folly
W- A s © n- 2% Tu- - Yo 1o W=
b 7' plb b
- sP R 2% K- S* W

-390~




M S -M C M -M és LRe -M .
hH ' 9k U U U’
M 2cS | -M 2c2| -M ,2C | M é2cs M ézc2 -M .2C
qku qk“ qk qk qk qkl
M 282 | -M 2CS| -M Xzs -M ézs2 M ézcs -M .28
g, qH 9 qp 9y q,5
M S -M C M M S M C -M .
P H P M Py Py Py PG
M  2cS|-M 2C2{ -M 42C | M ézcs M B2c2 -M .2C
PyH PyH Py Py Py PG
M 282 | -M 2cS| -M \25 | M é2s2 M BZCS -M tzs

PH PyH Py Py Py Py
M 2CS -M 2c2 -M_2C -M. 2CS M. 2C2 -M.2C
u v A 8 g c
M 282 -M 2CS -M, 2S -M. 252 M, 2CS -M. 28
u u A g B 4
-Q S C S -QsC .
Q, Q, Q, Qp Q Q

2T, S —zruc -2T,
CHxax |y | oo | THS 2T5C -2y
Kf2 u Kf2 Ju Kh‘* du
M 2CS -M 2c2 -M. 2 -M.2CS M- 2C2 -M.2C
Y M, 2 2C B B t
M 282 -M 2CS -M.2 -M, 252 M, 2CS -M.28
u W MA 5 R R g

-391-




> 1

Z |-

g

-392-

M uM
¥ qu x qu -
9,5
-y M -uM
4 qku z qku
M 2C uM 2C
A X A
Yy qk qk M e
2 I
-y 2C ~u M 2CS
z qku z qku
pM 25 M .28
Y g} xq A M 28
252 9,k
- -uM
uqukHZCS b, qku
uM UM
Yy Pkl b pkA .
M C M Pict
=¥ -y
z'pLu 2P
w M 2C M . 2C
y Pkl x pkA M 2c
PkC
u M 2c2}|-uM 2CS
z P zZ P
M .28 M .28
“y pkl Hy pkk
-M 28
- M 2c8 | ~u M 252 Pyo
z Pku z pku
U M 2C u_M 2C
v x 2 - 2C
- 2 -
UZMUZC NZHUZCS
u M. 2S . M, 25
v x A -M,25
- - 2
uzMMZCS uzMuzs
-quA =1 Q,
Cc S QC
uzQu “zQu
2UYTX ZuxTx
—2'rc
-ZUZTUC —2uzT“S
uyMAZC uxMAZC
-M(ZC
- 2 -
quuzc uznuzcs
uyMAZS uxHAZS
-M;ZS
- - 2
uzMHZCS uzMUZS




-393-

qM G M q X
M 2CS| M 2c2} -M ,2€
M 282 | M 2cS -M Azs
q M qp M 9
M S M C M
PkU pku Pk

M 2cS| M 2¢c?2| -M ,2€
PM P M Py
M 282| M 2c8| -M 428
Pk 3% Py
M 2CS M 2c? -M, 2C

M u A
M 252 M 2CS -M, 2S
y H A

-Q S -QC
Qu Qu Q,
2T S 2T C _

_Hx 3 “g 3 A 3
Kg® du Kg< op Kh“‘ u
M 2CS M 2¢2 -M.2C

" u A
M 252 M 2CS -M.2S
U u A




1 1 I
9 b b b
wmom- UmoNu chn bz~ mmomu omouu S *bZ-| 0 *bT- *be-
T 1 1
b b 39
soz¥n- | ;02%m- | 0z%m- | ogtk- | socte- | por¥e- $07 “W-|,07 “W-| 0z “W-
T T T
b b b
st | soz¥ | se'w szin | o5z | soctw ST "W | $07 "W | ST W
T 1 T
9 b b b
s%1z | o%1z | Yuz Y1z s1z | o%1z s ‘1z | o %1z | "1z
9 g X , g g b ool th
sehur | sozfus | szfu+ | sziu+ | osz¥u+ | soztu+ .Sz "+ |SOT *¥+| ST Tu+
: T I
9 b b b
soefu- | ,0¢%m- | oz'u- | oz'H- soz¥u- | ;oz%n- s0z “H-|,07 ‘H-| 07 ‘H-
T T T
9 Fy b 23
sozta | ;0z%u | oz% | octw | socty | poctu $07 ¥ | .0z *u | o7 *u
T T T
U V .—v .U
sz | soc¥n | se¥n | setm | ose¥u s0z%H ST °H | $07 *H | st .:L

-394-



-H. 252 | H. 2CS “H.282 | H.
& i Hy25% | Hs2CS
H 25 |H 2cS|H 252! H 25 |®_ 2¢S|H_252| H_2c5| H_ 252
Q; a4 9y ) Py Py Py B 8 H, 25
R 2¢ |-R. 2¢S|R. 2 _R. 202
; a qu ¢ R, 2€ | R 22 | R 2CS Ry2Cs | Rz2C R 2C
R 2c2| R 2CS i i i R.2C2 | R, 2CS
93 95 8 8
H. 2CS{-H. 2C?]|. H.2CS | -H,2C2
G Yy 8 A
_H 2c|-H 2c?l-#_2cs|-w_ 2c |-H_ 2c?|-H_ 2CS|-H_2€% | -H_2CS | -H 2C
9y 9y 9 Py Py Py ) 8 , 8 9
+R -R. 252{+R. 2CS|+R 25 |+R_ 2CS|+R_ 252 -Rz25¢ | +R:2CS | +R 2§
q, 2|74, ay Py Py Py 8 8 4
4R 2CS [+R 252 +R_2CS | +R 257
ay q, B 8
-2T. 2T, C —2T,S | 2
2T is 4 2Ty TpC
2T 2T 21 _C | 2T 8 21,
9 |21 c |21 8 Py Py Py 2T,c | 21,8
a q. B B
1
-M. 282| M. 2CS -M.252 | M.2CS
q q 2 B B
M 28 1 1 M 25 | M 2c5{M_ 25 M_28
9y Py Py Py 4
+M_ 2cs|+M 252 4+M 2¢S | +M 252
a 9y 8 8
M. 2CS |-M. 2c? M2C8 -Mézcz
-, 20 91 93 M, 2 |1 207 |-1 2¢S , -1 2
T 1M 2c2|-M 2cs i i i “Mg2C* | -Mg2CS
a 9y
2Q, §-2Q. C 2Q:8 | -2q:¢
-2q 94 4 | -2q -2q_cl-2q s 8 B -2Q
94 Py Py Py 3
-2q_¢cl-2q s -2q.¢ | -2q.5
9 9y 8 8

-395-




-396~

-H 252 H 2CS
u o H,2S -H.2C ~H;2CS H.2S
-R 2¢2 -R 2CS & 4
U u R, 2C +R.2S —Ré2C2 R.2C
-R 2CS R 2C2 4 4
r r
Huzcs -Hu2C2 , ,
- -H. . H:2S
, H,2C Ha2CS Ha2C 5
-R 2CS R 25 ,
4R, 2S +R;2S -R.2CS R:2CS
A R
. =R 282 +R 2CS 8 B
T Y
|
-2T S 2 2T 2T,S -2T,C .
y T,° A ] 8 2T,
-M 282 M 2CS 2 -M-2CS M.2S
y . M, 25 My 28 i :
+M. 2C2 -M.2C ~M, 2CS -M 2c2 -M.2C
Muzcs M, 2C \ 3 y :
2Q S -2Q C -2 -2Q-S 2Q,C -20.
Q, Q, Q, Q Qy 20;




-397-

2
pzuuzcs quuzc
—uyHAZS -uxHAZS chs
-p R 2CS| wu_H 282
L AT zZu
2 -u_R,2C Rczc
-uyR)‘ C l—lx A
2
u,R 2C u, R 2Cs
-u H 2¢2| u R 2CS
zZ U Z U
+“ny2C +u_H, 2C —chc
-y R 282 | -y H 2CS
zRuzs i uz +Rc25
uy A _—uxRx S
2
+u,R 2CS | +u R 28
_ZUyT)\ —2uxT>\ ’
4
ZuZTuC ZUZTUS
-u M.25 | -y M 25
y A x A M 25
+u,M 2CS | +u M 252
Y AT
uymxzc u M, 2C
2c2 —MCZC
—uzMu C —uznuzcs
2quA 2u,Q, _2q
4
-ZUZQUC -ZuzQuS




F- H 282
u

-398-

H 2CS
M -HA2S
+R 2¢2 -R 2CS _
U u RAZC
+R_2CS +R 2c2
r r
- - 2
HuZCS Huzc b, 2
- 2
+Ru2CS Ruzs -x,25
+R_282 +R_2CS
r r
2T S 2T C -2T
H u A
M 252 M 2CS -M. 25
H M by
-M 2CS -M 2¢? M. 2C
U u A
-2Q S -2Q C 2
QU Qu QA




6.4.4 Inertial matrices for rotor with four or more blades.- The
inertial matrices for the equations of motion of a rotor with four or more

blades are given below.
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6.4.5 Aerodynamic matrices for rotor with four or more blades in axial

flow.- The aerodynamic matrices for the equations of motion of a rotor with

four or more blades in axial flow are given below.
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6.4.6 Inertial matrices for two-bladed rotor.- The inertial matrices
for the two-bladed rotor equations of motion are given below. The notation

C= cos\pm and S = sinwm is used, where wm = ) + mm,

0L~



50 T
] d'b b
1 mu_. TS mx.u
< «
40 T
o g, 'db g o'b
1 1 s- I
. anxm
g o I+
i 1- A4
1
A
dd
q d&m I+ HV&&
I. 1 xa s-
<
I
k| A b
o'b b b
mw. 1 4 [ I
| A
0'b b
mx. 1

L~ E

-

- Zy

-405-



o
x3»m AH

%

L~

-2

ﬂ—<

-L406-



=

¥;0 a
db O
M. 4 M. 1
{
A faye"
1 ’ &
EAHL Aom . d 1+ u_o aw+ ]
y A
1 o v
s £ bd
I+ 3 m+
, "y «_uy—a
™ 1 >
F oA *
J vml w> I
Rt
A W
atb_ 2

-Lo7-



(o]
o(17)s I
A - A
RN :! g, ©d g d g d
(1707 (T8 A I- (190 F s | J(I-)SF. 8-
b
d
3. %-
AI.
. A !
g, © g »0'b g. b b
a1 3 QI8 Fe T 0% s | (s s
g b




(o] o
alI-)s It ({10 12
3 g
0°d g o'd
IOOTE Bille (2 MG ST A Bl 12
1 !
g. o 'b o'b
RCO T TS 2 NG ST Tl

LE

-]z

i<

-1409-



-1410-




¥,.0
g 'bb
12007 1y

gt
L1 1

T
d b
u(1-)sY A S

[+]
L1012

e ¢
(17077}

¥4%

13
L
W (1008 s

¥
g_o'b
(10T I 1

o
L (1728127

1,0
g *d%b
W(15)52°F- =

b

q. ©
L(17)ST ] 1-

-2 E
]

Tp
81 Vsz-

o
o100z s~

S
g b
wlI7)STA s

~411-



o
(17012

umov

f
a(1-)9T° ]

£ Pgl

¥
g o'b
INQEOTo T4 TRNND

o
(1-)s 12-

H
af{T-)ST ]

4%
£ Pg

¥
g_©o'b
w(1-)ST e I-

T
: b
E»Hlqumu. s

¥y
a(152% Vs-

g

=

~412-



o

]
2|

St~

,

_ZMb
..2M_b
1
)
m -I 252|171 2¢8
[o] o
I .2cs (-1 2¢2
o o
-21
O
—
-1 4CS | -1 482
[o] [o]
I 4C2 | 1 4CS
o o

-413-




6.4.7 Aerodynamic matrices for two-bladed rotor.- The aerodynamic
matrices for the two-bladed rotor equations of motion are given below. The

notation C = coswm and S = sin¢m is used, where wm = y + mm.
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7. LINEAR SYSTEM ANALYSIS

The flight dynamics and aeroelastic stability analyses (sections 5.3.3
and 6) result in a set of linear differential equations describing the air-

craft motion, of the form
AX + Ax + Aix = Bov

where x 1s the vector of degrees of freedom and v 1s the vector of control
and gust inputs. The coefficient matrices (AZ’ Al’ A., and BO) are either
constant or periodic in time. The analysis of these linear equations

proceeds as follows (see reference 37).

7.1 State Variable Form

It is convenient to transform the equations to a standard first order
form. Let MX be the number of degrees of freedom and MV the number of
controls (dimensions of x and v). Assume thét MX1 of the degrees of
freedom are first order, that is have a zero columm in the spring matrix AO.
Reorder the degrees of freedom so these first states occur last in the

vector X s
R
by

where x, are the MX-MX1 second order degrees of freedom and x, are the

MX1 first order degrees of freedom. Then
~

where Ea has dimensions MX * (MX-MX1l). The equation of motion can now

be written in the form

x = Ax 4 Bv
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where
e o~
\ —AA | —ATA

=[] o

l

B = Az R,

o
with the state vector
X2
X = %,
Xy

There are MX2 = 2*MX-MX1 states; the top MX states are the velocities of
the degrees of freedom, and the bottom MX-MX1 states are the displacements

of the second order degrees of freedom.

7.2 Constant Coefficient System

7.2.1 Eigen-analysis.- The transient solution of x = Ax is
= U: ) b\
x Fu e }.m - M e q‘(

where Ai and u, are the eigenvalues and eigenvectors of the matrix A, and
qi(O) are constants determined by the initial conditions. A 1is the diagonal
matrix of eigenvalues, and M 1is the model matrix with the eigenvectors as

columns. The system is unstable 1f Re Ai > 0 for any mode.

The frequency of a mode is w = IIm AI, and the natural frequency is
w, = lkl. The frequency in Hz 1s obtained by multiplying by Q/2n. The
period is then T = 1l/w sec, with w the frequency in Hz. The damping ratio
is ¢ = -Re&{ll (fraction of critical damping). The time constant is

-4 26-



T = -1/(0Re)) sec. The time to half-amplitude is then T1/2 = .6931t (or time

to double-amplitude for unstable modés).

7.2.2 Static response.- The static response, obtained by setting
x =0 in x = Ax + Bv, is '

X =-A~‘Bv

7.2.3 Frequency response.- The frequency response, obtained by setting

x = xoeimt and v = v eiwt in x = Ax + Bv, 1s

0
Yo = Hwv,

where

W= — (A-iV'B = — (A+i) (AF+2zF 'R

The frequency response can also be obtained from the poles and zeros by

X ¢ T (= -
v LA e

where p are the poles (eigenvalues of A) and z are the zeros.

7.2.4 Zeros.- In Laplace form the equation x = Ax + Bv becomes

X = — (A~s§~' Bv

By Cramer's rule then

" d=x A ¥

——

vy (A -9

where A* = (A~-s) with the i-th column replaced by the j-th colummn of B.
The poles are defined by det(A-s) = 0, hence are the eigenvalues of the
matrix A, as above. The zeros are defined by det(A*) = 0. In A* the
diagonal elements are all of the form (akk-s), except for the i-th column.
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By expanding the determinant of A* it is possible to reduce it to a form
with (akk-s) for all the diagonal elements:

— A AN = K, A&(Alusw

Then the zeros are the eigenvalues of the matrix Al' We have then

X _ oAt daA ) TE-
v AX(A-) daCA-sD 'Y (p-5)

and the static response is k, = kl Nz /Mp.

7.2.5 Transient response.- The general solution of X = Ax + Bv is

A A=t -1

t
x.+StMe, M Bv A

Consider the case with zero initial conditions at to = 0 and control with
time variation of the form v = A f(t) (£ =0 for t < 0). Then

X = M §.<;i ‘:¥:(tu-ﬂfﬁ X‘é‘t»ii ,v(.| G;\a.

= M { E(f}} M Rv,

where F = {Fi} is a diagonal matrix depending on the eigenvalues and on the
input function f. The cases considered are

a. step response, f =1

b. impulse response, f = S(t)

c. cosine impulse, f = 1/2(1—cosz%£), 0<t«<T

d. sine doublet, f = sing%E, 0<t<T

e. square impulse, f =1, 0 <t < T
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f. square doublet, f =1 for 0 < t < %3 f = -1 for §-< t <T

The function Fi(t) is readily evaluated for these and other inputs.
7.2.6 RMS gust response.- Consider the RMS gust response of the
system x = Ax + Bg. Here the only input considered is the vector of gust

components g. The gust is model as a Markov process:

5= Ty

where w is stationary white gaussian noise, with zero mean and correlation
T
E [ WOW ()] = Qg $(-%)

For an RMS gust velocity of Ogs We have QG = 20G2/TG. In forward flight
the correlation time is obtained from TG = L/2V, where L 1s the gust
correlation length and V is the aircraft velocity. The RMS acceleration

can be obtained by including accelerometers in the model:

Ta S +a = QR+ Gxr = (GA+Qr + GBo

where T is the accelerometer lag. For the acceleration of a particular

state xi we have

Tox 4+ ap = (Y

so the row of C1 has a 1 in the ii column, with the rest of the elements
and the entire row of Co equal zero. For body axis acceleration at the

-
point r we have

D e L . .
Mady +ag = £ {H%s, +OFRY = Q¥ + G

where the summation is over the rigid body and elastic modes (see section
4.2.2). The matrix Cl is here zero except for the rigid body and elastic
airframe acceleration elements, and the matrix C0 is zerc except for the

Euler angle velocity elements.

429



The aircraft, gust model, and accelerometers are thus described by the

set of equations
. _ - o
x \* A © B || x ©

= %‘(QA-!-C.) —;-,l_.-‘i J,t—‘Q..B al|l4+ | e

or

i; = ‘:il o Gw

The correlation matrix
_2_1, = E.(-i%"'>

is then the solution of the equations

EZ + ZFT -+ GQGG—'-:::-Q

The solution is

wi -T
z 2 M {(‘M Tam >..4_ "
Z = % T ‘M-t-‘u-a M

where M 1s the model matrix of F, and IG is the diagonal matrix with 1
for the gust columns and zero elsewhere. Note that only the diagonal elements

of the correlation matrix Z are of interest normally. Let

{'“..3} = M

friy3 = M
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Then with the summation k extending only over the gust columns of

M'l,

txx

2. ik ik
= —-— — W;; uliE—— b ™ '
: Tes >, ) *)

Yo

is the RMS gust response of the I-th state.

7.3 Periodic Coefficient System

Consider the system of equations x = Ax + Bv, where A 1is periodic
with period T, A(t + T) = A(t). The transient solution can be written

w = i u; (t) e\'t 3-.(*3\

as for the constant coefficient system, but here the modes u, are pericdic

functions of time. The eigenvalues A 4 are obtained as follows.

The state transition matrix ¢ 1is calculated by integrating 5 = Ad
over one period, t = 0 to T, with ;nitial conditions ¢(0) = I. Let
C = ¢(T); and let Ac and v be the eigenvalues and eigenvectors of the

matrix C. Then the system roots are

S o= RN = (DAL DC)

(the principal part — a multiple of 21/T can be added to the frequency)

and the mode shapes can be obtained from

w = €N ey

The system is unstable if Rel > 0 (or ‘lcl > 1) for any mode.

It is necessary to integrate the equations é = f(t, ¢) = A(t)d
numerically from t =0 to t = T. Two methods are considered. The first

method is a modified trapezoidal rule:
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and h=t -tn. The second method 1is

where ¢ = ¢(t ), ¢ ., = ¢(t 1), ntl

the fourth order Runge-Kutta method:

Posr = du + ’f;' (Kot 2%, + 2%; +%) + old¥)

\‘! = A“ C‘)“

kz= A“"'Ai (‘hﬂ"" %kl\
Ky = Ansy Cbu+ % k2D
K;. = Av\+| ((b“ -+ 4?»' k})
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